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This work is a report on studies of the chemistry of astatine on a tracer scale, using the 
various methods of tracer chemistry. A general discussion of preparation of materials and 
analytical methods is included. The properties of astatine and its solutions as they appéar a 
in work on a tracer scale are discussed. Migration experiments show that astatine when ionized 
in aqueous solution is negatively charged. Electro chemical, solvent extraction, and carrying 


studies are presented. 


In general, (a) elemental astatine is extractable by organic solvents; (b) the —1 state may 


be prepared by powerful reducing agents; and (c) at least two positive oxidation states exist. 


I. INTRODUCTION 


ARLIER work on the radioactive element 
85, astatine, has been reported in 1940.' At 
that time the nature of the various radiations 
produced by astatine 211 were well worked out, 
and, in:addition, the chemical properties of this 
new element were briefly sketched. Soon after, 
all work on the subject was dropped because of 
the pressure of war activities. This paper is the 
first report of a more detailed investigation of 
the chemistry of astatine; we hope to continue 
this research. 

As a first step in extending our knowledge of 
astatine, we have tried to find some isotope of 
longer life than At*", with the hope of accumu- 
lating visible amounts of the substance. This 
quest has been unsuccessful, although two new 
isotopes, astatine 212 and 210, with half-lives of 
0.2 second and 8.3 hours, respectively, have been 


1D. R. Corson, K. R. Mackenzie, and E. Segré, Phys. 
Rev. 57, 672 (1940). For the name “‘astatine,” see D. R. 
Corson, K. R. Mackenzie, E. Segré, Nature (London) 
159, 24 (1947). 


recognized.? Astatine 212 is an alpha-emitter, 
and astatine 210 decays by K-capture. Other 
reported isotopes of astatine** have even shorter 
half-lives, and from this it appears that at the 
present time all of the chemical research on 
astatine must be done on a tracer scale. For 
reasons of convenience we have used almost 
exclusively astatine 211 of 7.5-hour half-life. 
650 atoms of this isotope produce one alpha- 
particle per minute. The most concentrated 
solution so far prepared is approximately 10-* 
molar, and the usual experiments are performed 
with 10-" to 10-5 molar astatine; a molar solu- 
tion of At?" would emit 1.54 10'*a sec.—. 
Since tracer scale experiments are difficult to 
interpret, wherever there is any doubt we shall 
include sufficient experimental data to enable 

2 At: E. Kelly and E. a to be published elsewhere ; 
At®2; T. Putnam and M. Weissbluth, to be published 
elsewhere. 

3 At®!7; T, 0.02 sec.: Hageman, Katzin, Studier, Ghiorso, 
and Seaborg, Phys. Rev. *72, 252 (1947); English, Cran- 
shaw, Demers, Harvey, Hincks, Jelley, and May, ibid. 72, 
253 (1947). 


4 Karlik and T. Bernert, Zeits. f. 
Physik 123, 51 (1944). 


2 JOHNSON, LEININGER, SEGRE 


the reader to draw his own conclusions. Also, in 
work at these dilutions the concentration effects 
on the thermodynamic properties are very large. 
The correction to macro quantities of astatine 
will be very large in all cases except when the 
same numbers of astatine atoms or molecules 
appear on both sides of the reaction equations. 
As this is a report of current work, some of our 
conclusions are rather hypothetical and may be 
corrected in future articles. The experimental 
parts of this paper will be described in general 
sections according to the property of astatine 
used in the experiment (volatility, solvent ex- 
traction, etc.). Since the details of the experi- 
ments will not be of interest to all readers, the 
final section includes a summary of the results 
with the conclusions which we have drawn from 
them. 


e II. PREPARATION OF MATERIALS 


Bismuth, when bombarded by alpha-particles 
in the energy range 21-29 Mev, produces astatine 
211 free of other activities. Above 28 Mev 
astatine 210 is also produced by the reaction 
(a, 3n).5 This substance decays by orbital elec- 
tron capture to polonium 210, the presence of 
which is very undesirable in all of our experi- 
ments. 

The bismuth samples that were bombarded 
were produced by evaporating bismuth from a 
molybdenum boat in a high vacuum upon 
aluminum disks of one-mil thickness. Bismuth 
samples prepared in this way were of uniform 
thickness and could be made up to 40 milligrams 
per square centimeter thick. These samples were 
subsequently clamped in a water-cooled target 
holder and bombarded by the sixty-inch cyclo- 
tron of the Crocker Radiation Laboratory. The 
beam energy was reduced to less than 28 Mev 
by aluminum absorbers in front of the target in 
order to avoid. producing polonium 210. In some 
bombardments an additional bismuth-aluminum 
foil was exposed to the full energy of the beam to 
produce polonium 210 for comparison experi- 
ments. A detailed study of the bismuth-alpha- 
excitation function by E. Kelly will be published 
elsewhere. Here it suffices to say that if we limit 
the energy to 29 Mev to prevent production of 
polonium 210, the thick target yield for a short 


5 E. L. Kelly and E. Segré, Phys. Rev. 72, 746 (1947). 


bombardment is approximately 1.2 x 10° disinte- 
grations per minute per microampere hour. 

For most of our experiments we wished to 
extract the activity from the bombarded target. 
As the high volatility of astatine from bismuth 
was known,! we used a high vacuum distillation 
method to concentrate the activity. 

The procedure used was to distill the astatine 
from bismuth at its melting point in an all-glass 
system, and collect the carrier-free element in a 
four-millimeter diameter U tube cooled by liquid 
nitrogen. The U tube while still cold was washed 
with one drop of concentrated nitric acid, allowed 
to stand 1 hour, and then washed with distilled 
water into a stock bottle. By this method three- 
milliliter solutions were prepared containing 
0.5-molar nitric acid and 107 disintegrations/sec. 
of astatine. Such a solution is 2.110~!° molar 
with respect to astatine. Yields up to 0.95 were 
obtained with less than 0.001 of any polonium 
present in the original target coming over. 

Experiments to be described later in the 
volatility section indicate that astatine evapo- 
rated on glass is very poorly held by this surface 
at room temperature. Based on this information, 
a double separation of astatine from bismuth 
and polonium was accomplished. A bismuth 
plate was bombarded in such a way as to accumu- 
late in it approximately equal numbers of 
polonium and astatine atoms, after which a first 
distillation was carried out in the usual way. 
The tube containing the bismuth was sealed off 
and the astatine then distilled at room tempera- 
ture to a second U tube cooled by liquid nitrogen. 
The yield of this experiment was 0.83 of the 
astatine present on the original target, with less 
than 10~-° of the polonium coming over. 


Ill. ANALYTICAL METHODS 


Astatine 211 can be measured by its alpha or 
x-ray radiations, and either radiation can be used 
to follow a chemical process. For most purposes 
the alpha-particles are counted because of the 
higher counting efficiency of the equipment used 
to detect this type of radiation. However, for 
certain experiments where self-absorption pro- 
hibits the use of alpha-counting techniques, x-ray 
counters were used. At?!° is even more favorable 
than At*" for thick sample counting because it 
emits y-rays in addition to the x-rays. However, 
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because in our alpha-bombardments At?! is 
always produced together with polonium and 
with relatively small yield, we did not use it 
extensively. 

For alpha-counting, the samples were mounted 
on flat platinum disks 2 mils thick and one inch in 
diameter. A slurry of the precipitate to be studied 
was pipetted on a freshly flamed platinum disk 
and allowed to dry. In general, the thickness of 
the sample was limited to one milligram per 
square centimeter except in cases where poor 
spreading of the precipitate made the sample 
thicker in spots. 

Samples for x-ray measurement were placed 
in three-milliliter centrifuge cones. These samples 
were counted with a Geiger-Miiller counter; the 
efficiency of the counter was not accurately 
known, but was kept constant during the various 
experiments. 

Frequently during the course of this investi- 
gation weightless samples of astatine and its 
compounds were deposited on supports of a 
variety of materials for analytical purposes. It 
was easily recognized that such samples occa- 
sionally lost more activity by evaporation than 
by decay, and for this reason studies were made 
on their volatilities under various conditions. 

The volatility of astatine from glass is most 
striking. When elemental astatine was evapo- 
rated upon glass the loss of astatine from that 
surface at room temperature was so rapid that, 
if the evaporation follows an exponential law, 
the “‘half-life for evaporation” is approximately 
1 hour. From metallic surfaces the losses were 
much less; for instance, about sixteen hours were 
required for half of the astatine to evaporate 
from a gold or platinum surface. When the 
astatine was initially dissolved in cold concen- 
trated nitric acid, and the samples dried at 80°C 
on the surface investigated, the losses were much 
smaller. From glass the ‘half-life for evapora- 
tion” of the residue was approximately four 
hours. There was no observable loss from gold 
and platinum in a period of 24 hours after the 
samples were evaporated at 80°C on _ these 
supports. 

These experiments indicated that elemental 
astatine would not provide samples suitable for 
counting but that nitric acid solutions of astatine 
dried on gold or platinum would give satisfactory 
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samples if we knew the loss undergone in the 
drying process. Furthermore, since gold con- 
sistently showed a higher initial loss than plati- 
num when identical amounts of the same tracer 
solution were evaporated upon them at 80°C, 
platinum was used in all cases. The absolute loss 
of astatine, when a nitric acid solution was dried, 
was measured by counting the x-rays from a 
small sample as the solution went to dryness. In 
three experiments on different solutions, the 
losses were 26, 26, and 28 percent, respectively. 
Subsequent experiments with solvent extraction 
have shown that astatine dissolved in cold 
concentrated nitric acid is present principally as 
the zero state. 

The losses in the experiment just described 
are attributed to partial loss of some astatine 
zero. The principal losses always took place just 
as the samples were going to dryness. 


IV. VOLATILITY EXPERIMENTS 


Since our analytical experiments indicated 
that astatine had variable affinities for various 
surfaces, an experiment was devised to measure 
the relative adsorption power of various metals. 
A 0.3X2.5-cm strip of each of the metals listed 
in Table I was suspended in an evacuated Pyrex 
tube of one-inch diameter. In the first experi- 
ments the metals were exposed to astatine vapor 
for approximately 16 hours at room teniperature. 
In the second experiment the metal foils were 
heated in an evacuated system to 325°C for 
one-half hour together with a previously bom- 
barded bismuth foil. The data are given in 
Table I. Since Al, Ni, and Cu showed low 
adsorption, in some of the later experiments we 
omitted them and used duplicate strips of the 
other metals. The surfaces of the metals in each 


TABLE I. Adsorption of astatine on metallic surfaces in 
high vacuum expressed as percent of the total astatine on 
the surfaces. 


Metal Room temperature 325°C 
(1) (2) (1) (2) (3) 

Al 0.3 0.2 0.3 

Ni 0.2 0.6 0.7 

Cu 0.5 0.6 4.3 

Pt 36.3 20 33.5 6.5 16 
Au 38.4 65 0.1 0.7 4 
Ag 24.3 15 65.0 87.5 80 

100.0% 100% 100.0% 100.0% 100% 
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TABLE II. Distillation of astatine solutions. 


Initial volume 10 ml 


Percent of At in each successive ml of distillate Percent left 

Initial solution (1) (2) (3) (4) (5S) (6) (7) (8) (9) in still (a) 
16M HNO; 0.1 0.1 0.1 0.3 0.1 0.2 86 0.87 
5M HNO;+3 mg 2.0* 98 
12M HCl 0 0 0 0.4 0.1 0.8 3.7 9.5 70 0.84 
1:1 H2SO, 0.6 0 0.2 0.3 0.4 0.2 0.1 0 91 0.92 
60% HC10, 0 0.1 0 0 0 0.1 0 0.2 0.4 101 1.02 
0.5M H2SO,+0.05M Fett 48 21 5.0 4.0 3.6 2.6 3.0 4.0 74 
CCl 1.1 0.8 0.7 0.6 0.6 0.8 1.0 2.0 7.8 64 0 1.78 
Benzene 3.5 3.5 3.4 3.2 3.5 3.6 4.6 4.8 y 62 —_ 


* Amount of astatine in distillate and still pot divided by initial amount of astatine. 
* First 10 percent of distillate contained all of the Iz but only 2 percent of the At. 


case were previously cleaned in the apparatus 
by heating to ~400°C in a hydrogen atmosphere. 

The selective nature of the adsorption indi- 
cates a special affinity of astatine for some 
metallic surfaces. Aluminum (certainly oxidized 
on the surface) and glass showed very poor 
adsorption ; bismuth too is not a good adsorber. 

We have also run some experiments on the 
distillation of various solutions containing asta- 
tine. Table II lists the various combinations 
tested, the yields of astatine in the distillate, 
and the material balances when obtained. In all 
experiments the astatine was detected by thick 
sample counting of the x-rays. 

Special attention is called to the differing 
behavior of astatine and iodine. The dissimilarity 
of astatine and iodine under these conditions 
was noted in the paper of 1940.1 The failure of 
astatine to distill under conditions in which 
iodine distills, therefore, was not surprising. This 
anomaly will be explained further in the section 
on solvent extraction. 

These results indicate that astatine in aqueous 


Fic. 1, Migration apparatus. 


solution may be manipulated without loss in the 
presence of oxidizing agents. Organic solvent 
solutions and aqueous solutions containing re- 
ducing agents (Fe*+* or better) must be handled 
with care. 


V. MIGRATION EXPERIMENTS 


We performed some experiments to determine 
the direction of migration of astatine in a solution 
subject to an electric field. The simple apparatus*® 
used consisted of a U tube, the bottom section 
of which was made of one-millimeter capillary 
tubing (see Fig. 1). The capillary tubing, which 
was about two inches long, could be isolated 
from the rest of the U tube by one-millimeter 
bore stopcocks. 

Solutions containing astatine were placed in 
the capillary tube with care so that no bubbles 
were left. The stopcocks were then closed and 
the excess material in the side arms of the U tube 
carefully washed out. A solution of the same 
composition but without astatine was placed in 
the U tube arms, two platinum electrodes in- 
serted, and the entire apparatus clamped in a 
thermostat. The solutions in the side arms were 
leveled by opening the connecting stopcock, 
which was above the capillary section of the U 
tube containing astatine. The leveling stopcock 
was then closed and the two capillary stopcocks 
opened. A voltage difference of 100 volts was 
applied across the cell for approximately one 
hour, after which the stopcocks were closed and 
the side arms analyzed for astatine. The normal 
migration current was less than 10 milliamperes; 
however, in concentrated acid solutions, currents 


6 See, e.g., M. Haissinsky, Electrochimie des Substances 
Radioactives (Hermann and Company, Paris, 1946), p. 19, 
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as high as 90 milliamperes occurred. In all 
solutions tested the astatine ‘migrated as a 
negative ion. The conditions checked are listed 
in Table III. 


VI. ELECTROCHEMISTRY 


The electrochemistry of astatine has been 
studied using the method of Hevesy and Paneth? 
with the refinements of Joliot.? The electrolysis 
was carried out in a glass cell (a) made in the 
form of a tee (see Fig. 2). Gold windows (6), 
eight to ten milligrams per square centimeter in 
thickness, were fastened over the ends of the tee 
by a rigid clamping arrangement similar to that 
used by Joliot. The windows were one centimeter 
in diameter, and the cell had a volume of ten 
milliliters. The alpha-particles of astatine were 
deposited on the gold windows, penetrated the 
thin gold, and caused ionization in the air 
beyond. These ions were collected by an electric 
field and the resultant current measured by an 
FP-54 electrometer. By this arrangement the 
ionization of 50 alpha-particles per minute was 
easily detected. 

Joliot used a system of parallel plates perpen- 
dicular to the thin gold window to collect the 
ions formed. We used this arrangement at first, 
but later abandoned it in favor of another which 
gave better results. The changes were as follows: 
A thin aluminum leaf (c) was mounted by 
Aquadag on a brass ring spaced one centimeter 
from and parallel to the gold windows. A po- 
tential difference of 700 volts was maintained on 
this ring with respect to ground by a battery. 
Behind the ring and spaced two centimeters 
from it was a brass disk (d) of the same size. 
The disk was insulated by polystyrene and was 
connected to the grid of the FP-54 tube. In 
addition, a movable shutter was arranged over 
the gold windows to absorb the alpha-particles 
coming through so that the FP-54 circuit could 
be adjusted to zero while an electrolytic process 
was in progress. Since both windows were 
equipped with electrometers, the activity de- 
posited on either window could be measured at 
any time. 

Considerable difficulty was experienced in 


7G. v. Hevesy and F. Paneth, Wien Ber. 123, 1619 
(1914), and 122, 1049 (1913). 
8F, Joliot, J. de Chemie Phys. 27, 119 (1930). 


TABLE III. Composition of solutions in which astatine 
migration experiments were run; astatine was initially 
dissolved in concentrated nitric acid and then treated as 
described below. 


(1) Made 1M in HNO; 
(2) Made 0.1M in HNO; 
tf PH =3 in phosphate buffer 

4) pH=S in phosphate buffer 

5) pH =7 in phosphate buffer 

6) pH=9 in phosphate buffer 

7) pH=11 in phosphate buffer 

(8) pH=13 0.1M@ NaOH 

(9) Reduced by SO, in 0.1M HNO; 
(10) Reduced by NaSO; in 0.1M NaOH 
(11) Oxidized by hot K2S.03 in 0.1M HNO; 
(12) Oxidized by HCIO in 0.1M NaOH 
(13) Oxidized by Br2 in 0.5M@ HNO; 


finding thin gold free from pin holes. The gold 
foils were finally manufactured by evaporating 
gold from a tungsten boat in a high vacuum 
upon freshly split mica. When the gold-coated 
mica was placed in water, the gold films were 
detached cleanly from the mica by the wetting 
power of the water. 

Initially, the electrolysis was carried on be- 
tween the two gold windows. The potentials of 
the gold windows with respect to a saturated 
calomel reference electrode were measured with 
a Beckman Laboratory type pH meter. Later, 
however, the two electrodes were connected 
together and the electrolysis conducted between 
the combined electrodes and a working calomel 
electrode. Figure 2 is a schematic diagram of 
the apparatus and electrical circuit used. 

The results of the cathode electrolytic experi- 
ments are shown in Table IV. The critical 
deposition potentials listed are obtained by 
extrapolation of deposition rate vs. potential 
curves back to zero rate. An example of typical 
data and their extrapolation are given in Figs. 3 
and 4. 

Special experiments performed were as follows: 
(a) When the astatine was previously oxidized 


Fic. 2. Schematic diagram of the electrolytic apparatus 
and the electrical circuit. 
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TABLE IV. Critical se seg potential of astatine at the 


cathode from various solutions. 


TABLE V. Critical deposition potential of astatine at the 
anode from various solutions. 


by hot (60°C) persulfate for 15 minutes there 
was no consistent deposition at the cathode. The 
initial spontaneous deposition was smaller than 
in any previous experiment. The possible ions 
present in the oxidized solution will be discussed 
in the sections on solvent extraction and carrying. 

(b) When astatine zero was dissolved in sul- 
furic acid no deposition took place at the cathode 


- until dichromate ion was added to the cell. 


We endeavored to determine the reversibility 
of the cathodic deposition. In every experiment 
tried the deposition appeared to be quite re- 
versible. After depositing astatine on the cathode 
at potentials greater than the critical deposition 
potential, the material was rapidly removed by 
lowering the cathode potential below —1.25v by 
a few hundredths of a volt. A further decrease 
of the gold potential to about —1.45v caused 
the astatine to deposit on the gold anodically. 

A study of this anodic deposit was also 
attempted (Table V). Since the potentials in- 
volved are close to those required to decompose 
water and dissolve gold, the problems are more 
difficult than those involved in the cathodic work. 
The experiments were run in 0.1, or less, nitric 
acid to avoid excessive electrolytic currents. 


T T 
0066 M HNO, 
100)- 4 
TOTAL ACTivITY | 
DEPOSITED iv 
OF 
DISINTEGRATIONS 
PER MINUTE 
4 
<tessy! > 
L L 
° 
TIME IN HOURS 


Fic. 3. Typical data showing the total activity deposited 
on the gold window as a function of the deposition potential 
and the time. 


i Critical deposition Critical deposition 
; Concentration of potential/normal Concentration of potential/normal 
Solution At mole/liter He electrodes Solution At in mole/liter He electrode 
0.066M HNO; 2.8 X10-8 —1.225+0.025v —13 
0.075M H2SO4 0.1M NasCr:07 6 X10-13 —1.20 +0.025v 3 ‘ 
0.066M HNO;+3 mg Au 1 —1.22 40.025v 0.1M@ HNO;0.1M 54X107%  —1.445+0.02v 
0.066M HNOs (repeat) 4 X10-4 —1.22 +0.025v 


The anodic deposition was not reversible. Vigor- 
ous treatment, such as concentrated nitric acid 
or strong electrolytic currents with repeated 
reversals of direction, was necessary to remove 
the deposited material. 

The nature of the astatine compounds de- 
posited in the electrolytic experiments is as yet 
unknown. A large variety of products are possible 
at both the anode and the cathode. 


VII. SOLVENT EXTRACTION 


Solvent extraction studies proved to be our 
most powerful single tool in the study of astatine 
chemistry. Since solvent extraction methods 
work well in very dilute solutions,*the method is 
particularly adaptable to our problems and al- 
though no quantitative results were attempted 
for the time being, solvent extraction methods 
should prove to be very useful in determining the 
thermodynamics of astatine even in these ex- 
tremely dilute solutions. As an example, the 
reaction 

At- =At®+e— 


would be unaffected by astatine concentration, 
whereas 
2At~ = + 2e- 


would be greatly affected. Concentration studies 
of solvent extraction in solutions stabilized with 
respect to oxidation-reduction are contemplated. 

The solvents used were Baker’s analyzed 
carbon tetrachloride and benzene. Initially, it 
was believed that in the case of carbon tetra- 
chloride astatine might conceivably react with 
or replace the chlorine of the solvent, affecting 
the results of the experiments. No such effect 
was observed in the work, and the behavior of 
CCl, is qualitatively identical with that of 
benzene. 

Solutions were prepared by dissolving astatine 
in the various solvents, and using them as 
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stock solutions for the experiments involved. All 
extraction experiments were run in the range of 
3X10-" to 10-" molar astatine. When such a 
stock solution was repeatedly extracted with 
0.01M HNOs, a series of partition coefficients 
was obtained which increased to a maximum 
value. This maximum value is not necessarily 
the true partition coefficient, but approaches it 
as a limit, the limit being set by the mechanics 
of the experiment and the presence of traces of 
oxidizing or reducing agents. All work was done 
on a one-milliliter scale. Since the extraction 
experiments involved usually a series of con- 
secutive extractions on a single sample of asta- 
tine, the results of the experiments are recorded 
in tabular form in Table VI with comment at 
the end. 

It is noteworthy that the experiment on tracer 
I, falls far short of the accepted value of 85. 


In basic solution the behavior of astatine is 


very different. The experiments were as follows. 
A stock solution of astatine in organic solvent 
was extracted three times by 0.01M@ HNO; until 
a large partition coefficient was obtained. The 
solvent phase was then extracted with 0.1 
NaOH and the partition coefficient measured. 
Finally, the water layer was acidulated and the 
partition coefficient remeasured. The results are 
given in Table VII. 

The simplest interpretation of this experiment 
is that in alkaline solution astatine dispropor- 
tionates to At~ and an oxidized state, and passes 
from the solvent to the water layer. In this 
hypothesis a fractional part of the astatine in 
the water layer should precipitate with AgI as a 
carrier, and another fraction should not precipi- 
tate because it is in a higher oxidation state. 
However, when we precipitated silver iodide from 
the 0.1-M NaOH solution in the presence of 


TABLE VI. Partition coefficient of At and tracer I in 
successive extractions. 


At At I 
—0.01M CeHs —0.01M CCli—0.01M 
HNO; 
Extraction Exp.1 Exp. 2 Exp.1 Exp. 2 Exp. 1 Exp. 2 


.066 M HNO, 

.066 M HNO, 

1.0 M HNOs 

0.15 Hy $04 ~O.1 M Oy 
.066 M HNO, — 3g Av 

O1 HNO — 


OEPOSITION 
RATE IN 
DISINTEGRATION 
PER min.® 


1000 


POTENTIAL / STANDARD He ELECTRODE 


Fic. 4. The rate of electrochemical deposition of astatine 
on gold at the cathode and the anode from various acid 
solutions. All points below zero indicate zero rate of 
deposition. 


excess ammonia, the silver iodide carried all the 
astatine. This objection to the hypothesis of the 
disproportionation of astatine in alkaline solution 
does not seem of great importance, however, 
because we are not certain that the higher 
oxidation states of astatine would not coprecipi- 
tate in alkaline solution with silver iodide. In 
acid solution they do not coprecipitate with 
silver iodide. 

So far we have discussed simple extractions 
in acid and basic solutions of astatine. Solvent 
extraction has been used also to study oxidation 
and reduction of astatine zero by adding an 
oxidizing or reducing agent to the water phase 
and observing the effect on the partition coefh- 
cient. In the experiments to be described, asta- 
tine dissolved in the organic solvent was re- 
peatedly extracted by 0.01M HNO; to give the 
partition coefficient listed in column 3 of Table 
VIII. The solvent layer was then extracted by 
the final aqueous phase, listed in column 2, to 
give a new value of partition coefficient, listed 
in column 4. 


TaBLE VII. Comparison of partition coefficients of At in 
acid and basic solution. 


Solvent CCh 


58 9.8 

86 

91 64 
90 


First acid extraction 58 
Second acid extraction 86 
Third acid extraction 91 
Extracted by 0.1M@ NaOH 0.85 
Aqueous layer made 0.1M in HNOs, the 

yers recombined and reextracted 25.0 
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In addition to the experiments listed above we 
have also dissolved astatine in 16 HNO; from 
a glass surface by 2-hour treatment with the cold 
acid. This solution was then diluted to 0.1M@ 
HNO; and extracted with carbon tetrachloride. 
A partition coefficient as high as 10 was found, 
showing that cold concentrated nitric acid 
oxidizes astatine slowly and incompletely. 


VIII. CARRYING EXPERIMENTS 


Carrying experiments have been made in an 
effort to determine the nature of the ions in 
solution. Experimental results have been found 
which emphasize the resemblance of astatine to 
iodine. Reference should also be made to the 
paper of 1940! which described many more of 
the carrying experiments. 

Since astatine has a slight tendency to stick 
to glass surfaces, as do many other substances 
on tracer scale, precautions must be taken to 
avoid this cause of error. In general, confusion 


TABLE VIII. Oxidation reduction studies using 
solvent extraction. 


Parti- Partition 
coeff. 


tion 
with 
in final 
Final aqueous 0.01M aq. 
Solvent layer HNO; layer Comments 
(1) CeHs 0.25M FeSO, 91 89 At® is neither re- 
0.01M HNO; duced nor oxidized 
(2a) CCl, saturated 90 after 10 minutes 
(2b) solvent reextracted with 31 after 20 
same aqueous layer 
(3) CCle 1.1M KT in 50 0.4 approx. 10 minute 
0.01 HNO; extraction. Decrease 
of coefficient due to 
formation of inter 
2 halogen compounds 
(4) CeHe saturated I: 200 64 slight effect 
0.01M HNO; 
(Sa) CeHe saturated SO: 200 3 reduction of At® to 
0.01M HNO; At~. Agl precipi- 
tated from this 
solution carries all 
the activity. 
(5b) CCla same 85 0.8 same 
(6) CCle 0.25M Fe(NOs); 85 2 partial oxidation 
0.0i1M HNO; of astatine 
(7) O.5M Hg(NOs)2 200 0.01 possible complexing 
0.01M HNO; by causing At® 
to disproportionate 
(8) CCh Bre<0.1M 85 0.05 rapid oxidation of 
0.01M HNO; astatine by bromine; 
see carrying experi- 
ments. 
(9a) CeHs cold 0.01M K2S20s 200 5 slow oxidation of 
astatine 
(9b) CeHs 50°C 0.1 K2S208 200 0.1 rapid oxidation by 
hot K2S20s 
(10) CeHe 3M HCl 50 0.66 ible compound 
with Cl- 
(11) CeHse 0.1M KIO; 200 slight oxidation by 
0.01M HNO; IO3~ in 10 minutes 
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from this source has been avoided by measuring 
separately the activities of the supernatant, 
precipitate, and precipitation vessel. X-ray 
counting methods have been used extensively for 
these measurements. 

(a) When the stock solutions were centrifuged, 
erratic losses were observed in different solutions 
of the same composition. However, no additional 
loss was produced by repeated centrifuging of 
an astatine tracer solution which had lost activity 
to the glass walls in the initial centrifugation. 
Since fresh centrifuge tubes were used each time, 
the loss was not dependent on the glass surface 
but on impurities (i.e., dust, etc.) in the initial 
solution. In general, centrifugation of the stock 
solutions improved the consistency of the subse- 
quent experiments. Two-hour centrifugations at 
2000 times gravity have produced negligible 
losses from 10-M HNO:;, 0.5-M HNOs, and 


*0.1-M NaOH solutions. 


(b) Various hydroxides carry astatine differ- 
ently. The results are summarized in Table IX. 

It is noteworthy that lanthanum hydroxide 
carries astatine .differently, according to the 
oxidation of the solution. The reason for this 
behavior may be related to the insolubility of 
compounds of the type La(AtOs;); in alkaline 
solution. 

(c) Precipitation of mercuric sulfide in HCl 
solution carries astatine. The percent carried as 
a function of acidity is given below. 


M HCl 0.5 1 5 10 
Percent of At carried by HgS 69 81 93 92 
Same in repeat exp. 88 96 


(d) Astatine when reduced by sulfur dioxide 
in acid solution, is partially carried by TII. 
Silver iodide carries At completely, but this 
effect is due to the formation of metallic silver 
on which astatine deposits (see under (e) below). 

(e) If astatine is reduced by zinc in 1M 
sulfuric acid, and potassium iodide and silver 
nitrate are added after the zinc is completely 
dissolved, the astatine is carried completely by 
silver iodide. The carrying is also complete when 
TII is used. If, however, we start from AglI 
containing astatine and reduce it by zinc, all of 
the astatine is found on the precipitated metallic 
silver which is formed, whereas all the iodine is 
in the solution, . 
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(f) When silver iodide or chloride is precipi- 
tated from nitric acid solution of astatine, less 
than 2 percent of the activity is found in the 
precipitate. 

(g) When silver iodate is precipitated from a 
nitric acid solution of astatine, the carrying 
depends upon the order of addition of the re- 
agents. When silver is added first, poor carrying 
(5-20 percent) is observed ; when iodate is added 
first, fair carrying (40-80 percent) occurs. This 
may be due to the fact that iodate can oxidize 
astatine, as discussed in the section on solvent 
extraction. 

(h) When silver iodate is precipitated from a 
bromine oxidized solution, the iodate carries 
astatine poorly (5-15 percent). 

(i) When silver iodate is precipitated from an 
oxidized solution of astatine (hot K2S,O, or 
HClO), carrying (90-100 percent) is independent 
of the order of addition of the reagents. 


IX. CONCLUSIONS 


In a work of this nature, the interpretation of 
the experimental data is often difficult because 
of the extreme dilution at which the experiments 
are run. This circumstance affects the results 
not only through dilution effects, but also 
through the presence of impurities in the re- 
agents, which although negligible under ordinary 
circumstances, may materially influence some 
reactions. For the time being we have not tried 
to purify reagents beyond the ordinary quanti- 
tative analysis standards. For these reasons, 
although the facts and the results which have 
been described seem to us reasonably established, 
we may later change some of our current inter- 
pretations as additional research uncovers further 
facts in the complicated study of astatine chem- 
istry. ° 

The problem of data interpretation would be 
greatly simplified if the chemistry of iodine on a 
tracer scale were known. At the present time 
little is known of the behavior of iodine at 
concentrations of the order of 10-!°— 10~'* molar. 
Studies on this subject would also be highly 
desirable from the general point of view of 
radio-chemistry. However, such a study would 
be very difficult since any reagent, even of 
highest quality, would be likely to increase 
the iodine concentration unwittingly manyfold. 


TABLE IX. Carrying of astatine by various hydroxides. 


Starting material 
HNOs stock 
solution oxidized 
_ by hot K2S2Os 


NaOH 
7-15% 
85-90% 


HNOs stock solution 
NaOH NH.OH 


7-15% 


40-60% 50-60 
40-50% 30-40% 97-99 
5-8% 97-99% 


Precipitant 


Aluminum hydroxide 
Bismuth hydroxide 
Ferric hydroxide 
Lanthanum hydroxide 


Unfortunately, astatine is one of the few ele- 
ments which can be studied in truly carrier free 
solutions. 

In conclusion, we shall discuss individually 


the various oxidation species thus far ascertained. 


The Zero State 


The solvent extraction experiments give ample 
evidence for the existence of the zero state. 
Since the extraction coefficients which have been 
measured for the halogens show a trend increas- 
ing from chlorine to iodine, we expected the 
corresponding coefficients for astatine to exceed 
numerically those of iodine. The maximum 
values so far determined are 

I, I; on tracer scale 
At literature experiments 
240 400 aad 


Benzene 
Carbon tetrachloride 91 85 31 


The attempt at solvent extraction of I, on a 
tracer scale, using carrier free iodine from Oak 
Ridge, yielded the coefficient included in the 
data. 

The zero state is very easy to prepare and is 
stable in water solution. It is reduced by SO: and 
oxidized by ferric salts. (See solvent extraction.) 
It is the form obtained when astatine is distilled 
from bismuth at elevated temperatures, as 
proved by the fact that initial extraction coeffi- 
cients as high as 40 have been obtained from 
such distilled materials. 

The zero state is slowly oxidized by cold 
concentrated nitric acid. Oxidized solutions, 
however, are readily reduced to the zero state 
by ferrous compounds. These same ferrous 
compounds are incapable of reducing the zero 
state to the —1 state. (There is no effect on the 
distribution coefficient in CCl, with 0.25M 
FeSO,.) 

Astatine zero appears to disproportionate in 
basic solutions with pH = 13. 
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The —1 State 


There is little doubt as to the assignment of 
the —1 state. As was pointed out, the zero state 
is not reduced by the —1 by 0.25M FeSQ,. 
There is slight evidence for a slow reduction by 
arsenious acid (see solvent extraction data). 
However, sulfur dioxide and zinc reduce astatine 
zero. Silver iodide, precipitated after SO: reduc- 
tion, carries astatine completely in both acid and 
basic solutions (see (d) under carrying experi- 
ments). Zinc reduction in sulfuric acid solution 
followed by silver or thallous iodide precipitation 
carries astatine completely. On the other hand, 


if the reduction is performed in the presence of | 


silver, the astatine is found entirely in the pre- 
cipitated metallic silver. Experiments described 
in the section on volatility of astatine showed a 
strong affinity of At® in the gaseous state for silver. 
This may be due to either compound formation 
(astatides) or adsorption upon the metallic lat- 
tice. The carrying of the astatine by the reduced 
silver is perhaps to be regarded as a related phen- 
omenon, rather than as an electrochemical de- 
position. The difficulties described in the earlier 


paper! regarding the method of purification used 
by Buch-Anderson in his search for element 85 
in nature are easily resolved by these results. 


The Plus States 


Ferric compounds are sufficiently strong oxi- 
dizing agents to oxidize the zero state to a plus 


state. Br2 rapidly and completely oxidizes asta- 
tine. (See solvent extraction studies.) 

Carrying experiments with AgIO; have shown 
a difference between the plus states formed by 
Br: oxidation and those formed by HCIO oxida- 
tion. One-half hour oxidation by cold Br, oxidizes 
the astatine completely (CCl, extraction coeff- 
cient of 0.1 and less), and the astatine so oxidized 
carries poorly on AgIO; (less than 15 percent). 
However, oxidation by HClO produces an asta- 
tine state which carries completely on AgIOs, 
when the iodate is precipitated under the same 
condition as just described for the Br2 experi- 
ment. 

These experiments make is plausible that there 
are two positive oxidation states, one of which 
is formed by Bre oxidation, and the other by 
more powerful oxidation (HCIO or K2S20s). 
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Half-life values have been determined for some short- 
lived Br and I fission products. The chemical isolation of 
Br from irradiated uranyl nitrate led to a half-life for Br®® 
of 3.00+0.05 min. The energy of the f-radiation of Br®® 
was found to be 2.5 Mev by Feather analysis of the Al 
absorption curve. The half-lives found for Br8? and Br®* 
by extraction of the Kr daughter activities from AgBr pre- 
cipitates were 56.1+0.7 sec. and 15.5+0.3 sec., respec- 
tively, on the basis of a 3-min. half-life for Br®*. Attempts 
to measure the half-lives of Br®* and Br™ by extraction of 
the descendant Sr activity were unsuccessful because of 
the absence of activity. The identity in half-lives of Br87 
and the 55.6-sec. Br delayed neutron emitter makes it 
probable that the mass assignment of the delayed neutron 
emitter is 87. 


(Received April 23, 1948) 


The half-life of I? was found to be 19.3+0.5 sec. by 
extraction of Xe'*’ from AglI precipitates, on the assump- 
tion of constant chemical yield of the Xe extraction. Isola- 
tion of Cs'** both from the gas separated from AglI pre- 
cipitates and from the precipitates directly led to a half-life 
determination for I** of 5.9+0.4 sec. Extractions of Ba™® 
yielded a value of 2.70.1 sec. for the half-life of 1%, The 
absence of Ba™ activity in AgI precipitates made it im- 
possible to determine the half-life of I™. Because of the 
agreement in half-lives of I'*7 and the 22.0-sec. I delayed 
neutron emitter it is probable that the two are identical. 

The low retention of the decay products of the short- 
lived halogens by the silver halide precipitates led to an 
estimate of 20 sec. for the ‘‘setting’’ time of the precipitate. 


1. INTRODUCTION 


XPERIMENTS have been performed on the 
search for new short-lived fission products 
of Br and I| and the determination of the mass 
numbers of the three longer-lived delayed neu- 
tron emitters identified as isotopes of Br and I. 
The fission chains showing the region of inves- 
tigation in the light and heavy groups of fission 
products as given in the table of “‘Nuclei Formed 
in Fission” ! are listed in Table I. 

In these experiments a solution of uranyl 
nitrate containing Br- or I~ carrier is irradiated 
for a fixed time after which AgBr(I) is pre- 
cipitated from the active solution. The AgBr(I) 
precipitate collected by filtration is examined for 
known fission products which could arise from 
the decay of active Br or I isotopes; e.g., Kr and 
Xe, Rb and Cs, Sr and Ba. The activity levels 
of these decay products will be determined by the 
neutron flux, time of irradiation, and quantity of 
uranium irradiated, and by the time of precipita- 
tion after the end of irradiation and the half-life 
of the halogen activity. In experiments per- 
formed under standard conditions where only the 


t This document is based on work performed at the 
Argonne National Laboratory, Chicago, Illinois, operated 
by the University of Chicago for the Atomic Energy Com- 
mission. 

1“‘Nuclei Formed in Fission,’”’ issued by the Plutonium 
Project, J. Am. Chem. Soc. 68, 2411 (1946); Rev. Mod. 
Phys. 18, 513 (1946). 
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time of precipitation is varied, the variation in 
activity of a decay product will be a measure of 
the half-life of its halogen ancestor. For example, 
in chain of mass 85, the half-life of the Br isotope 
is 3 min. The initial activity of the 4.5-hr. Kr® 
found in the precipitate should decrease one-half 
for each 3 min. elapsed between the end of 
irradiation and precipitation of AgBr, provided 
the loss of Kr from the precipitate is constant 
from experiment to experiment and the chemical 
operations are performed quantitatively. In 
practice it is rather difficult to perform some of 
the operations quantitatively so that the chem- 
ical yield must be determined in another way. 
This is discussed more fully under the specific 
isotopes studied. 

The co-precipitation of radioactive ancestors or 
descendants of the halogens on the silver-halide 
precipitates would affect the measured half-lives. 
Fission yields and half-life considerations make 
it unlikely that Se or Te parents of the halogen 
activities would seriously interfere with these 
measurements. Contamination of the precipitates 
by descendant activities, Kr or Xe, Rb or Cs, 
Sr or Ba, would be expected to be small and 
would affect only those measurements where the 
descendant activity in the precipitate is small 
relative to the total descendant activity present. 
A discussion of this effect is given later in the 
pertinent cases (cf. Sections 8 and 9). 
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TABLE I.* Fission chains investigated for Br and I ancestry.** 


Mass 85: 


~™10-yr. 
Nw10-yr. Kr” 
Stable Kr 
t (neutron) 
55.6-sec. Br— v. short Kr 
Ln Kr 


Mass 86: 
Mass (87): 
Mass 87: 


3.0-min. 4.5-hr. Kr—Stable Rb 


19.5-da. Stable Sr 


50-sec. Br— 75-min. Kr—>6.3 X 10!°-yr. Rb—>Stable Sr 


Mass 88: 3-hr. Kr———>17.8-min. Rb—Stable Sr 


Mass 89: 
Mass 90: ~33-sec. Kr. 
Mass 91: _  9.8-sec. Kr 


Mass 135: <2-min. Te—6.7-hr. I—> 13-min. Xe 


2.6-Min. Kr———+15.4-min. 53-da. Sr—Stable Y 


short Rb— 25-yr. Sr— 65-hr. Y— Stable Zr 
short Rb-—9.7-hr. Sr—51-min. Y 


57-da. Y—Stable Zr 


9.2-hr. >2.5X 10*-yr. Cs—Stable Ba 


Mass (136): 
Mass (137): 


Mass 137: 
Mass 138: 
Mass 139: 
Mass 140: 


t (neutron) 
22.0-sec. I> v. short Xe 
Xe 


1.8-min. I~ Stable Xee—- 


-——13-da. Cs—Stable Ba 


30-sec. Cs— Stable Ba 
17-min. Xe—32-min. Cs—Stable Ba 
41-sec. Xe—>7-min. Cs—85-min. Ba—Stable La 
16-sec. Xe——>short Cs—12.8-da. Ba—40.0-hr. La— Stable Ce 


* Uncertain mass assignments are given in parentheses. 
** See reference 1. 


Another effect which could alter the half-life 
observed for the halogen species is a time- 
dependent exchange between the halogen carrier 
added (Br~ or I-) and the halogen activity in 
higher valence states. A serious perturbation in 


| | | | 


ACTIVITY (c/m). 


LONG-LIVED Br 
(Tyg? 33 min.) 


10 15 20 25 


TIME (MINUTES AFTER END OF IRRADIATION). 


Fic. 1. Decay curve of Br isolated from irradiated uranyl 
nitrate solution. Counted through 211 mg Al/cm’. 
O original points; © subtracted curve, activities of 30-min. 
Br® and 2.4-hr. Br® determined from later part of curve 
(average 7y=33 min.). 


the observed half-life would occur only when the 
exchange constant is of the same order as the 
radioactive decay constant of the halogen. The 
concentrations used in these experiments are: 
(H*+)=0.01 M, (Br-)=0.01 M, and (I-)=0.01 M. 
Using these concentrations and assuming the well 
established rapid exchange of Br~ with Bro, one 
calculates an effective exchange constant for 
carrier Br~ with radio-Br as BrO;~ from kinetic 
data on the interaction of Br~ with BrO;- to 
give Bro.2 This constant proves to be much 
smaller than the radioactive decay constants of 
the Br isotopes studied. The exchange constant 
of carrier I~ and radio-I as 1O;~ from reactions 
analogous to those of Br is much larger than the 
radioactive decay constants of the I isotopes 
studied. Although kinetic information on the 
reaction of I~ or Br~ with other oxidation species 
of halogens is not known, it would be fortuitous 
if the effective exchange constants were of the 
same order as the decay constants. 
Observations made on the 4.5-hr. Kr®, 75-min. 
2.8-hr. Kr®8 and its 17.8-min. Rb** daughter 
led to determination of the half-lives of Br8? and 
Br**, Attempts to find the half-lives of Br*®® and 
Br*! by extraction of the Sr were unsuccessful. 
Extractions of the Xe and Cs from AglI pre- 


2 International Critical Tables, 7, 149 (1930). 
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cipitates determined the half-lives of I'*7 and 
188, The half-life of I'* was determined by 
analyzing for Ba"®, and no activity of Ba'® was 
observed from Ag] precipitates. 


2. CHARACTERISTICS OF Br; HALF-LIFE 
AND RADIATIONS 


Strassmann and Hahn? found two short-lived 
Br activities of 50+10 sec. and 3.0+0.5 min. 
half-life in fission by chemically separating Br 
soon after irradiation. Seelmann-Eggebert and 
Born‘ have shown that the 75-min. Kr and 4.5-hr 
Kr could be extracted from the short-lived Br 
fraction and that the variation of their intensities 
with time related the 75-min. Kr to the 50-sec. 
Br and the 4.5-hr. Kr to the 3-min. Br provided 
no other short-lived Br activities were present. 
Later, cross-bombardments led to mass assign- 
ments of 85 to the 3-min. Br and 87 to the 50-sec. 
Br.® 

The use of Br® as a normalizing activity in 
experiments on the half-life of Br’? and Br** 
(Sections 3 and 4), made it necessary to deter- 
mine its half-life more precisely. Because of the 


greater neutron fluxes available it was possible to 
separate quickly sufficient activity for measure- 
ment after short irradiations of small amounts of 
uranium. These conditions enhance the activity 
of the Br® relative to the longer-lived isotopes, 


30-min. Br*! and 2.4-hr. Br® because of the 
hold-up in growth from their Se ancestors, 
~2-min. Se*, 67-sec. Se* and 25-min. Se*.! 

The active Br was isolated from a uranyl 
nitrate solution irradiated for 10 sec. in the 
pneumatic tube of the Argonne heavy water pile. 
The chemical procedure was modified from that 
of Glendenin, Edwards, and Gest.® Carriers of 
Br~ and I~ are added to the irradiated solution 
which is then transferred to a separatory funnel 
containing CCl, and KMn0Q, acidified with 
HNO. The liberated Br is transferred to the 
CCl, layer. This Br extraction is performed 
within 30 sec. from the end of irradiation. The 
CCl, extract is added to a funnel containing H.O 
and NH.OH-HCI. The Br is transferred to the 

8 F, Strassmann and O. Hahn, Naturwiss. 28, 817 (1940). 
imo and H. J. Born, Naturwiss. 31, 

SH. J. Born and W. Seelmann-Eggebert, Naturwiss. 31, 


. E. Glendenin, R. R. Edwards, and H. Gest, Plu- 
tonium Project Record, Vol. 9B, 8.4.2 (1946). 


H;0 layer. Two oxidation-reduction cycles with 
KMnOQ, as oxidant and NaHSO; as reductant 
are then performed. The last aqueous NaHSO; 
layer is acidified with HNQOs, the solution is 
boiled to expel SOz, and AgBr is precipitated. 
The precipitate is filtered on a filter paper disk 
and mounted for counting. In general, radio- 
activity measurements began within 7 min. after 
the end of irradiation. Aqueous samples used for 
half-life determination were washed with extra 
CCl, to remove suspended material and insure 
purity. These samples were counted within 10 
min. from the end of irradiation. 

Decay curves were obtained through various 
Al absorbers. The ratio of the activity of Br® to 
the 55.6-sec. Br®’, 30-min. Br™, and 2.4-hr. 
decreased with increasing absorber weight beyond 
325 mg Al/cm?. The optimum absorber weight 
for determination of the half-life .of Br® was 
found to be in the range 100 to 325 mg Al/cm?. 
Ten decay curves taken through 101, 211, and 
311 mg Al/cm? yielded a half-life for Br® of 
3.00+0.05 min. A typical decay curve through 
211 mg Al/cm? is given in Fig. 1. 


E,= 2.5 Mev 


(FEATHER RANGE = 
1250 mg/cm?) 


RELATIVE ACTiviTY 


1000 


200 400 600 800 


1200 
ADDED Al ABSORBER (mgscm*). 


Fic. 2. Aluminum absorption curve of 3.00-min. Br*®. 
Absorber thickness at zero added Al estimated at 35 


mg/cm?, 
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TO VACUUM 
PumMP 


Fic. 3. Vacuum line for removing active gases from dis- 
solved AgBr(I) goer. A. Dissolver; B. Port for 
introducing NaCN; C, C’. Traps (surrounded by liquid 
——— or filled with Drierite); D. Charcoal trap; E 
Toepler pump; F. Lead to gas cell; G. Bulb for removing 
aliquot of gas for Rb or Cs analysis. 


The absorption characteristics of Br® were 
determined by following the decay of active 
samples through sets of two Al absorbers differing 
by about 200 mg Al/cm?, the activity through 
one absorber being used for normalization of the 
activity through the other. The Al absorption 
curve of the 3.00-min. Br® is given in Fig. 2. 
The 8-energy was found to be 2.5 Mev by a 
Feather comparison method’ of the absorption 
curve of Br® with that of the 1.5 Mev 6-particles 
of the 17-min. Se*!.! It is apparent from Fig. 2 
that y-radiation is not present in a high counting 
rate. 


3. HALF-LIFE OF Br‘? 


The 55.6-sec. delayed neutron emitter* iden- 
tified as an isotope of Br by Snell and co-workers® 
was tentatively assigned by them to Br®’ and 


TO TRAP CiFIG. 3) 


POSITION POSIT|ON 2 


Fic. 4. Details of dissolver. Position 1—for dissolving of 
AgBr(I) precipitates; Position 2—for sweeping active 
gases from solutions of dissolved AgBr(I) precipitates. 
A. Sintered glass plate (fine); B. Ground joint; C. Solution 


port. 


7N. Feather, Proc. Camb. Phil. Soc. 34, 599 (1938). 

* The half-lives of the delayed neutron emitters adopted 
in this paper are those of D. J. Hughes, J. Dabbs, A. Cahn, 
and D. Hall, Phys. Rev. 73, 111 (1948). (Also reference 1.) 

5 A. H. Snell, J. S. Levinger, E. P. Meiners, Jr., M. B. 
Sampson, and R. G. Wilkinson, Phys. Rev. 72, 545 (1947). 
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was thought to be the 50-sec. Br referred to 
earlier.2 Glendenin, Coryell and Edwards? in 
their discussion of the variation in yield as a 
function of charge found it difficult to correlate 
the variation in yield of the 55.6-sec. delayed 
neutron emitter in the thermal neutron fission of 
U3, U5, and Pu*® with their postulate of 
“equal chain length’’ and a mass of 87. They 
suggested that the mass of the delayed neutron 
emitter might be 89 or 90 and that therefore 
there might be two Br activities with half-lives 
of ~50 sec. The experiments reported here 
establish the half-life of Br’? as 56.1 sec., iden- 
tical within experimental error with the 55.6-sec. 
Br delayed neutron emitter, and suggest the 
improbability of another Br activity of the same 
half-life at mass 89 or 90. 

The half-life of Br’” was determined by mea- 
suring the variation in intensity of the 75-min. 
Kr®? in the active AgBr samples precipitated 
from irradiated uranyl nitrate solutions at 
various times after short irradiations. The solu- 
tion of uranyl nitrate containing Br- carrier was 
irradiated for 10 sec. At the desired time after 
irradiation the active material was poured into 
a heated solution of AgNO; acidified with HNO. 
The solution was allowed to stand for about 20 
min. and was then filtered through a filter paper 
disk and the precipitate washed with water and 
dried with alcohol and ether. The precipitate on 
the filter disk was transferred to a dissolver on a 
vacuum line (Fig. 3) and after evacuation was 
dissolved in NaCN. The dissolver was made from 
a 30-ml fine sintered glass funnel sealed off at the 
top, with a ground joint side arm attached to the 
vacuum line for evacuation, gas flow, and intro- 
duction of solutions under vacuum (see Fig. 4). 
During the solution process the dissolver was in 
the position in which the precipitate and NaCN 
solution were off the sintered glass plate (position 
1, Fig. 4). The dissolver was then rotated so that 
the solution rested on the sintered plate and 
introduction of air from the bottom resulted in 
efficient sweeping of the solution (position 2, 
Fig. 4). This apparatus was used earlier by 
Hoagland and Sugarman” in their study of Xe" 

®L. E. Glendenin, C. D. Coryell, and R. R. Edwards, 
Clinton Laboratory Memo CL-LEG No. 1, July 25, 1946. 

10E, J. Hoagland and N. Sugarman, Metallurgical 


Laboratory Report, CC-3007, April 5, 1945; Plutonium 
Project Record, Vol. 9B, 7.37.3 (1946). 
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and was adapted from the techniques developed 
by Turkevich and co-workers" in investigating 
the short-lived Kr and Xe activities in fission. 

The active gases were swept from the solution 
containing the dissolved precipitate and passed 
successively through two traps cooled with liquid 
nitrogen and a charcoal trap at room tempera- 
ture. Desorption of the gases from the charcoal 
at room temperature by a Toepler pump yielded 
an active gas fraction containing Kr nearly free 
of Xe. The gas was transferred to a glass counting 
cell with a mica window and counted with a 
standard Eck-Krebs counter of 30 mg/cm? wall 
thickness. The decay of the gas activity showed 
the presence of two major components, the 
4.5-hr. Kr® and the 75-min. Kr’. The 75-min. 
Kr activity was determined more easily by 
counting through 405 mg Al/cm? which absorbed 
the 8-activity of the 4.5-hr. Kr. After the decay 
of the 75-min. Kr, the 4.5-hr. Kr activity was 
determined by counting without absorber. In the 
experiments in which precipitations were per- 
formed within two minutes after the end of 
irradiation the gas activity contained some con- 
tribution from the 2.8-hr. Kr®* arising from its 
Br*’ parent. Since the fission yields of the neigh- 
boring Br isotopes vary by only a factor of 4, 
and since Br** has a much shorter half-life than 
Br*’ or Br®, the 2.8-hr. Kr** activity grown from 
it was negligibly small relative to the activities 
of the 75-min. Kr and 4.5-hr. Kr for later pre- 
cipitations (cf. Section 4). 

Intercomparison of the activities of the 75-min. 
Kr’? and the 4.5-hr. Kr® in samples obtained 
from AgBr precipitated at various times after 
irradiation permit determination of the half-lives 
of the Br ancestors provided operations are 
quantitative or at least chemical yields are con- 
stant. Since it proved difficult to maintain a 
constant yield for the gas sweeping and desorp- 
tion process the 4.5-hr. Kr activity was used as 
a monitor for the over-all chemical yield. A 3-min. 
Br parent was used. The activity of the 75-min. 
Kr was then normalized for changes in irradi- 
ation conditions and loss in activity by correcting 
the 4.5-hr. Kr activity to a 3-min. decay curve 
and normalizing the 75-min. Kr activity by this 

uC, Dillard, R. M. Adams, H. Finston, and A. Turke- 
vich, Metallurgical Laboratory Reports, CC-1805, July 14, 


1944,CC-2310, Jan. 1, 1945; Plutonium Project Record, 
Vol. 9B, 7.5.3, 7.5.5, (1946). 
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TABLE II. Activities of 4.5-hr. Kr®* and 75-min. Kr*? 
extracted from AgBr precipitates. 


4.5-hr. 

Activity Activity 75-min. 

at AgBr from Activity 

— arbi- at — 

tion trary recipi- 
Time of (no Al 3-min. Nor- len Nor- 
precipita- ab- decay maliza- (405mg malized 
tion of sorber) curve tion Al/em?) activity 
AgBr (c/m) (c/m) factor (c/m) (c/m) 


55 sec 11650 5100 0.438 17600 7700 

70 sec 15400 4800 0.312 12500 5800 

85 sec 11500 4550 0.396 12700 5030 

90 sec 21800 4450 0.204 24000 4900 
100 sec 16000 4300 0.269 15800 4250 
115 sec 17600 4050 0.230 15800 3630 
2.5 min 13800 3530 0.256 8000 2050 
3.07 min 3020 3100 1.026 1390 1430 
3.5 min 33200 2800 0.0843 13100 1100 
4.0 min 21900 2500 0.114 6825 780 
4.5 min 2220 360.336 1585 530 
5.0 min 10900 1990 0.183 2000 365 
5.5 min 8800 1780 0.202 1260 255 
6.0 min 5500 1580 0.287 520 149 


factor. The variation of the normalized 75-min. 
Kr activity as a function of time of precipitation 
yielded the half-life of the Br®’ parent (Fig. 5). 
The data for the gas activities from the various 
experiments are given in Table II. 

The half-life of Br’? is found to be 56.1+0.6 


56.1 0.6 sec. 


3 


Normalized Activity of 75min. Kr°"(c/m) 


100 l l l l l l l l 
19 2.0 3.0 40 5.0 6.0 7a 


Time of Precipitation of AgBr (Minutes After End of Irradiation) 


Fic. 5. Decay curve of Br®’ from 75-min. Kr*’ activities 
extracted from AgBr precipitates. Activities of 75-min. 
Kr®? multiplied by normalization factors of 4.5-hr. Kr% 
obtained by correcting to arbitrary 3-min. Br®™ decay curve 
(data of Table II). 
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sec. by least squares analysis of the normalized 
activity data of Table II. Including the error in 
the half-life of Br®, one finds the error in the 
half-life of Br®? to be 0.7 sec. The good fit of the 
data by an exponential decay curve suggests that, 
if Kr is lost from the AgBr precipitate between 
the time of precipitation of AgBr and the intro- 
duction of the precipitate into the dissolver about 
30 minutes later, the loss occurs either very soon 
after precipitation or very slowly relative to 3 
minutes. This condition must hold to preserve 
the activity ratio of 75-min. Kr and 4.5-hr. Kr 
generated by parents whose half-lives are quite 
different, 56.1 sec. and 3 min., respectively. A 
more complete discussion of this question is given 
later (cf. Section 12). 


4. HALF-LIFE OF Br* 


The half-life of Br** was determined in a 
manner similar to that of Br®’ except that the 
activity of Kr®* could not be measured directly 
in the gas because of the interference of Kr® and 
Kr®’, Instead, the activity of the Kr®* was 
measured by analyzing for the 17.8-min. Rb* 
activity in the gas. An aliquot of each gas sample 
counted was transferred to a bulb, and a wash 
solution of Rb carrier acidified with HAc was 
added. The Rb activity was allowed to grow for 
1 hour during which time the bulb was shaken 
periodically to effect interchange between the Rb 
activity and carrier. The wash solution was then 


removed, the solution boiled to expel the active 
gases, the Rb precipitated as the cobaltinitrite by 
adding 15 ml of sodium cobaltinitrite reagent solu- 
tion according to the procedure of Treadwell and 
Hall," and the solution allowed to stand for 3 
min. after filtration. Rubidium analysis as a 
measure of Kr activity was tested by determining 
the apparent half-life of Kr** through successive 
Rb extractions of a single gas sample. A value of 
2.8 hr. was found, in good agreement with 
published values.'* The Rb samples were counted 
without absorber, and the decay curves were fol- 
lowed to check the radio-chemical purity. After 
corrections were made for the chemical yield of 
Rb, for decay of the 2.8-hr. Kr before growth of 
17.8-min. Rb started, and for growth of 17.8- 
min. Rb during the standing period (1 hour), 
the Kr activities so derived were extrapolated to 
the time of AgBr precipitation and normalized 
by the 4.5-hr. Kr normalization factors of Table 
II. Least squares analysis of the normalized 
activities versus the time of precipitation (Table 
III) yielded a half-life of 15.5++0.3 sec. for Br**. 
The error in the half-life of Br does not appre- 
ciably affect this result. A graphical representa- 
tion of the data of Table III is given in Fig. 6. 


5. SEARCH FOR AND Br"! 


A search was made for Br*® through its active 
descendants 2.6-min. Kr*®, 15.4-min. Rb**, and 
53-da. Sr®*. In the first experiments the active Kr 


TaBLeE III. Activity of 2.8-hr. Kr®* from analysis for 17.8-min. Rb** in gas samples extracted from AgBr precipitates. 


Activity of 
Decay 2.8-hr. Kr88 
Activity of Activity of factor for at time of 
17.8-min. 17.8-min. Kr® from AgBr pre- Normali- 
Rb* at Rb* cor- time of cipitation zation 
Time of time of rected to AgBr pre- Rb growth (Rb factor, Nor- 
precipi- separation Milli- 50 mg Rb cipitation factor counting 4.5-hr. malized 
tation from Kr grams Rb precipitate to Rb (1 hr. geometry) Kr activity 
of AgBr (c/m) precipitate (c/m) growth growth) (c/m) (Table IT) (c/m) 
8 sec. 19000 52.5 18100 1.368 1.30 32100 0.492 15800 
15 sec. 28000 49.8 28100 1.302 1.30 47600 0.219 10400 
25 sec 18200 50.0 18200 1.255 1.30 29700 0.245 7250 
41 sec 8900 40.3 11040 1.255 1.30 18000 0.213 3830 
55 sec 2080 35.8 2905 1.247 1.30 4710 0.438 2060 
70 sec 880 28.5 1544 1.371. 1.30 2750 0.312 860 
85 sec 790 46.4 851 1.270 1.30 1405 0.396 555 
90 sec. 960 33.5 1433 1.224 1.30 2280 0.204 465 
100 sec. 600 48.8 615 1.286 1.30 1030 0.269 275 
115 sec. 225 38.8 290 1.281 1.30 483 0.230 110 


2 F, P, Treadwell and W. T. Hall, Analytical Chemistry (John Wiley & Sons, Inc., New York, 1942), Vol. II, p. 275. 
13 J. C. Jacobsen and O. Kofoed-Hansen (7;=2.7 hr.), D. Kgl. Danske Vidensk. Selskab Mat.-fys. Medd., 23, No. 
12 (1945); G. N. Glasoe and J. Steigman (7;=2.8 hr.), Phys. Rev. 58, 1 (1940); A. Langsdorf (7;=3 hr.). Phys. Rev. 


56, 205 (1939). 
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fraction from AgBr precipitated at 8 sec. after 
a 10-sec. irradiation was examined for a short- 
lived component by performing the operations 
quickly enough to start the counting 10 min. 
after the end of irradiation. No short-lived ac- 
tivity was observed. An effort was then made to 
isolate the 15.4-min. Rb**. Active AgBr samples 
precipitated from a AgNO; solution containing 
Rb carrier 6 to 9 sec. after the end of 10-sec. 
irradiations were examined. The variation in this 
activity might be used to measure the half-life 
of Br**. This procedure was unsuccessful, how- 
ever. The 17.8-min. Rb** interfered with the 
measurement of the 15.4-min. Rb*®* present even 
when Rb was removed from the dissolved AgBr 
precipitate within 10 min. after the end of 
irradiation. At this time the 2.6-min. Kr*® has 
almost completely decayed to 15.4-min. Rb*® 
whereas the 17.8-min. Rb** is only at ~30 per- 
cent of its equilibrium value. From the ratio in 
half-lives of 15.4-min. Rb*® and 2.8-hr. Kr®* and 
the relative growth factors for Rb*® and Rb* 
which should emphasize Rb*® relative to Rb*, 
one concludes that Br®®, if it exists, is present in 
low yield and/or its half-life is much shorter than 
16 sec., the half-life of Br**. Still another attempt 
was made to identify Br*® by isolation of Sr from 
the AgBr precipitated at 7 sec. after a 10-sec. 
irradiation from a AgNO; solution containing 
Rb, Cs, Ba and Sr carriers. No activity of 53-da. 
Sr®* in the precipitate was observed. If the ac- 
tivity of Sr®* in the Sr fraction isolated from the 
AgBr precipitate is <4 c/m, the ratio of Sr*® 
activity in the precipitate to Sr®® in the uranyl 
nitrate supernate is <0.001. This suggests that 
Br® has either a very low yield in fission and/or 
its half-life is short. The short half-life of the 
halogen would lead to low activity of decay 
products both because of radioactive decay 
before precipitation and because of the marked 
loss of Kr from the precipitate during coagulation 
(cf. Section 12). 

Experiments on the half-life of Br*! yielded 
similar results. The Sr samples isolated for the 
study of Br*® were isolated early enough to 
detect any 9.7-hr. Sr® if present. A negligibly 
small activity was observed in the precipitate 
samples (~10 c/m) giving a ratio of Sr® activity 
in the AgBr precipitate to the supernate of 


<2X10~, leading to the same conclusion on 
half-life and yield of Br* as for Br®’. 


6. MASS ASSIGNMENTS OF THE 55.6-SEC. Br AND 
4.51-SEC. Br DELAYED NEUTRON EMITTERS 


The determination of the half-life of Br*’ for 
B--emission to be 56.1-+40.7 sec., identical within 
experimental error with the 56.6-sec. half-life for 
the Br delayed neutron emitter and the unsuc- 
cessful attempts to detect Br** and Br, make it 
probable that the mass number of the delayed 
neutron emitter is 87. If the assignment of the 
mass to 89 or 90 suggested by Glendenin et al.® 
were correct, on the basis of the fission yields 
expected for Br*®® or Br®® from their postulate, 
one should have found activity in later members 
of these chains. No effort was made to study Br®® 
because of the inconveniently short half-life of 
Kr*? (~33 sec.) and long half-life of Sr®° (25 yr.). 
However, Sr®* would have been detected if the 
55.6-sec. Br were of mass 90, because of the 
change in mass following the delayed neutron 
emission. 

The assignment of the mass number of the 
4.51-sec. Br delayed neutron emitter to masses 


10,000 
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T, =15.5203 sec. 
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Normalized Activity of 2.6-hr. Kr°?(c/m) 


8 
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Time c” Precipitation of AgBr (Seconds After End of Irradiation) 


Fic. 6. Decay curve of Br** from 2.8-hr. Kr®* activities 
extracted from AgBr precipitates. Activities of 2.8-hr. Kr** 
multiplied by normalization factors of 4.5-hr. Kr® ob- 
tained by correcting to arbitrary 3-min. Br® decay curve 
(data of Table III). 
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87 to 88" was based on mass 87 for the 55.6-sec. 
Br. Now that the half-lives of Br’? and Br** are 
established, the 4.51-sec. Br must be of mass 
higher than 88 unless it is an isomer of Br®’ or 
Br®® and was not observed in these studies 
because of the adverse conditions of the experi- 
ment, namely, the long irradiation time of 10 
sec., the time elapsed before precipitation of 7 
to 8 seconds, and the loss of Kr from the pre- 
cipitate during coagulation (cf. Section 12). Each 
of these factors would reduce the production of 
daughter activity from the 4.51-sec. Br relative 
to that grown from a longer-lived isomeric state. 
Although loss of 4.51-sec. Br from the first two 


TABLE IV. Activity of 3.8-min. Xe"? extracted from AgI 


precipitates. 
Nor- 
Activity of maliza- 
3.8-min. tion Activity 
Xe!87 ob- factor of 3.8- 
served at to min. 
Time of 15 min. Milliliters kw and Xels7 
precipi- after pre- Pile UO:(NOs)2 10 ml nor- 
tation cipitation of power solution U solu- = malized 
of AgI Agl (c/m) (kw) _ irradiated tion (c/m) 
8 sec 23300 200 5 3.0 69900 
9 sec 32000 300 5 2.0 64000 
12 sec 38200 300 5 2.0 76400 
15 sec 23800 250 5 2.4 57120 
17 sec 22900 300 5 2.0 45800 
20 sec 28000 300 5 2.0 56000 
20 sec 14800 200 5 3.0 44400 
25 sec 35000 300 10 1.0 35000 
27 sec 32000 300 10 1.0 32000 
30 sec. 32000 300 10 1.0 32000 
32 sec. 30000 300 10 1.0 30000 
35 sec 25700 300 10 1.0 25700 
40 sec 22000 250 10 1.2 26400 
45 sec 19000 300 15 0.667 12670 
50 sec 20700 300 15 0.667 13800 
1.5 min 3800 250 15 0.80 3040 
2.0 min - 1350 250 15 0.80 1080 
2.5 min. 680 250 15 0.80 545 


factors would be decreased by shorter irradia- 
tions and quicker precipitations, the loss of 
activity from the precipitate would seriously 
hamper observation of a short-lived isomeric 
state. Assignment of the 4.51-sec. Br to mass 89 
or 90 does not conflict with the failure to detect 
Sr®* in AgBr precipitates (Section 5) since it is 
expected that most of the Kr*® would leave the 
precipitate during coagulation. 


7. HALF-LIFE OF I'*’ 


Strassmann and Hahn* chemically separated 
two short-lived I activities of 30+6-sec. and 


4 N. Sugarman, J. Chem. Phys. 15, 544 (1947). 


1.8+0.4-min. half-life in fission. Seelmann- 
Eggebert and Born‘ isolated the short-lived I 
fraction from irradiated uranium solutions, and 
extracting the gas activity found that a 3.8-min. 
Xe activity could be related to the 30-sec. I, and 
that no active gas grew from the 1.8-min. I. 
Irradiation of Xe with neutrons® led to the 
formation of 3.4-min. Xe? and a mass assign- 
ment of 137 to the 30-sec. I. The agreement in 
half-lives of the 30-sec. [87 and the 22.0-sec. I 
delayed neutron emitter led Snell e¢ a/.* to assign 
mass 137 to the 22.0-sec. I activity. Glendenin 
and co-workers® suggested the possibility of 138 
or 139 as the mass assignment of the 22.0-sec. 
delayed neutron emitter on the basis of a com- 
parison of the variation of the yields of this 
activity among the fissionable isotopes with 
those predicted by their postulate of “‘equal chain 
length.” The experiments reported here show 
that the 22.0-sec. I delayed neutron emitter is 
probably of mass 137, and cannot be of mass 138, 
139, or 140. 

The half-life of I'*7 was studied via the activity 
of its Xe daughter. The experiments were per- 
formed in a manner similar to that used for Br®? 
and Br®*. The irradiated uranyl nitrate solution 
contained both Br~ and I~ carriers since it 
proved difficult to filter the solution containing 
AgI alone. The presence of AgBr enhanced the 
coagulation of the precipitate and did not inter- 
fere with subsequent operations. The Agl pre- 
cipitate was transferred to the vacuum line 
(Figs. 3 and 4) and dissolved in NaCN. The 
active gases were passed successively through 
two drying traps filled with Drierite and a char- 
coal trap at room temperature. The Xe activity 
was enriched in the gas fraction relative to Kr 
by discarding the gas removed from the charcoal 
at room temperature, and the first gas fraction 
from the charcoal after heating it to ~100°C. 
Later gas samples from the heated charcoal 
showed a Xe enrichment of about 15-fold. The 
time elapsed between the AglI precipitation and 
filling of the gas cell was about 15 minutes. 

The variation of Xe"? activity with time of 
precipitation can be used to find the half-life of 
[87 in two ways. First, the chemical yield of Xe 
extracted from the AgI precipitates can be 


16 W. Riezler, Naturwiss. 31, 326 (1943). 
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assumed to be constant in the various experi- 
ments and the activity then plotted versus time 
of precipitation. Secondly, another | activity can 
be used as the monitor of the chemical yield by 
measuring the activity of its Xe daughter and 
correcting this Xe activity to the half-life of the 
I parent. The difficulty in this procedure is that 
the only I activity which can be used, I'*8, has a 
half-life of about 6 sec. (see Section 8), so that a 
relatively small error (10 percent) in the half-life 
of the normalizing activity causes a considerably 
larger error in the half-life of ['%7, 

The half-life found for I'*7 via its Xe daughter 
(3.8-min. half-life observed) assuming constant 
chemical yield in the Xe extraction is 19.3+0.5 
sec. by least squares analysis of the normalized 
activities of Table IV. The marked deviation of 
the points from an exponential curve (Fig. 7) is 
not surprising in view of the large differences in 
chemical yield which can occur. 

Lower neutron fluxes in the larger samples used 
for later precipitations arising from the neutron 
absorption of the uranyl nitrate solution may 
explain the shorter half-life found for I'*7 than 
that expected of 22 sec. 

The discrepancy in the half-life values of Xe!” 
of 3.4 min. found by Riezler™ by (n, 7) activation 
of Xe and 3.8 min. observed by Seelmann-Eg- 
gebert and Born‘ and in this work when extracted 
from I, has been resolved. Activation of spec- 
troscopically pure Xe with neutrons led to a 
half-life determination of 3.9+0.1 min. in good 
agreement with the value found for Xe!’ from 
fission. 


8. HALF-LIFE OF I'* 


The half-life of 1* was determined in a 
manner similar to that used for Br®* (cf. Section 
4). The activity used for normalization of the 
irradiations was Xe"? on the basis of a 22.0-sec. 
half-life for its parent activity, I'*7. A fraction 
of the gas separated in the manner described in 
Section 7 is counted to determine the 3.8-min. 
Xe’ activity, and an aliquot transferred to a 
bulb for determination of the 17-min. Xe" 
activity via its 32-min. Cs daughter after a 30 
min. growth period of Cs from Xe. The gas and 
bulb are washed with a solution containing Cs 
and Rb carriers and the wash solution is analyzed 
for Cs. In this analysis the only separation neces- 


sary is that of the 32-min. Cs from the 17.8-min. 
Rb (grown from the 2.8-hr. Kr** in the gas). The 
separation is effected through the use of Bil; in 
HI as a specific precipitating reagent for Cs. 
The procedure used is a modification of one 
devised by Evans.'* The Cs is precipitated from 
the wash solution containing 40 mg Cs and 10 
mg Rb carriers, 10 ml H,O, and 1 ml. 6M HAc 
by adding 3 ml Bil;—HI reagent (10 g Bil; in 
50 ml 55 percent HI). The solution is cooled in 
an ice bath and centrifuged. The precipitate is 
washed twice with 5 ml HO containing 3 drops 


19.3 0.5 sec. 


Normalized Activity of 3.6-min. Xe” 


Time of Precipitation of Agl (Seconds After End of Irradiation) 


Fic. 7. Decay curve of I'87 from 3.8-min. Xe"? activities 
extracted from Agl precipitates. Activities of 3.8-min. 
Xe'87 multiplied by normalization factors for pile power 
and mililiters of solution irradiated on the assumption 
of constant chemical yield (data of Table IV). 


6N HCl and 0.5 ml Bil;-HI reagent, and cooled 
before centrifugation. The precipitate is then 
dissolved by adding 10 ml H,O, 10 mg Rb carrier, 
and 7 drops conc. HCl, and heating. After 
cooling, the Cs is reprecipitated and washed 
twice. The precipitate is dissolved by boiling out 
the I, after adding 3 ml 6M HNO; and 2 ml 
Fet++ carrier solution (~10 mg Fe***/ml). The 
solution is diluted to 10 ml and the Fe and Bi are 
precipitated as hydroxides with NaOH. After 


16H. B. Evans, Plutonium Project Record, Vol. 9B, 
8.22.2 (1946). 
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TABLE V. Activities of 3.8-min. Xe"? and 32-min. Cs"* in gas samples extracted from Agl precipitates. 


32-min Cs!88 


correct 

3.8-min. Xev" Activity for Xe decay 

r Activity at time of to bulb 
Activity from arbi- separation Correction filling time 
at 15 bitrary from Xe factor for of 15 min. 

Time of min. after 22-sec. : after 30 min. decay of Xe Milli- and to 50 Nor- 
precipi- Agl pre- decay Normali- growth of to bulb grams mg Cs malized 
tation cipitation curve zation Cs from Xe filling time Cs pre- precipitate activity 
of Agl (c/m) (c/m) factor (c/m) of 15 min. cipitate (c/m) (c/m) 


, 47000 2.015 9050 0.98 38.7 11450 23100 
9 sec. 32000 45500 1.420 5500 1.02 19.8 14150 20100 
12 sec. 38200 41500 1.085 6100 1.01 19.8 15550 16900 
15 sec. 23800 37800 1.590 1820 1.02 17.4 5330 8450 
17 sec. 22900 35200 1.535 2140 1.02 19.4 5630 8650 
20 sec. 28000 32000 1.145 2290 0.98 23.3 4820 5520 
20 sec. 14800 32000 2.160 2000 0.98 38.2 2570 5550 
25 sec. 35000 27300 0.780 1400 1.01 17.2 4110 3210 
27 sec. 32000 25800 0.805 1390 1.02 22.4 3160 2540 
32 sec. 30000 22000 0.735 618 1.04 17.6 1825 1340 
35 sec. 25700 20000 0.780 500 1.02 22.6 1130 880 
40 sec. 22000 17000 0.775 110 1.02 9.4 597 465 
45 sec. 19000 14700 0.775 108 1.02 19,2 287 220 
. 0.600 1.06 18.1 208 


acidification with HAc, the Cs is precipitated as 
the cobaltinitrite by adding 15 ml of the sodium 
cobaltinitrite reagent. The chemical yield of Cs 
is ~50 percent and the time of analysis about 1 


hr. The Cs is freed from the Rb contamination 
very effectively by this procedure as is evidenced 
by the decay curves of Cs obtained from samples 
where the Rb activity was many times that of 
the Cs. 


After correcting the Cs activities for chemical 

50,000 a yield, decay of Xe, etc., one can normalize these 

4 activities by the factor found for Xe!’ on the 

7 basis of a 22.0-sec. half-life for I’. The nor- 

e a 7 malized activities of the 32-min. Cs'** (Table V) 

Ss as a function of the time of Ag! precipitation give 

5.60.1 sec. a half-life for of 5.6+0.1 sec. (Fig. 8) as 
determined by least squares analysis. 

4 Another measurement of the half-life of 

= was made by analyzing the precipitates for 

ee E 32-min. Cs™8 and comparing this activity as a 

: function of time of precipitation of AgI with the 

io § a 32-min. Cs activity in the supernates. Since it 

i : = was shown that most of the activity of the 32- 

a = min. Cs (>99.5 percent) is in the supernate, its 

q “ activity should not be affected by time of pre- 

% 7 cipitation and can be used as a monitor of the 

irradiations. In these experiments the AgI was 

precipitated from a solution containing Rb and 

= Cs carriers to minimize the adsorption of Cs 


Time of Precipitation of Ag! (Seconds after End of Irradiation) 


Fic. 8. Decay curve of I* from 32-min. Cs'** activities 
separated from the gas fractions extracted from Agl 
precipitates. Activities of 32-min. Cs'* multiplied by 
normalization factors of 3.8-min. Xe!’ obtained by cor- 
recting to arbitrary 22.0-sec. I'87 decay curve (data of 


Table V). 


activity on the AgI precipitate. The solution was 
allowed to stand for 1 hr. before filtration to 
permit growth of the 32-min. Cs from its 17-min. 
Xe parent. The precipitate on the filter disk was 
washed thoroughly with H,0, alcohol, and ether, 
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transferred to a centrifuge tube containing Rb 
and Cs carriers, and dissolved in NaCN. The 
NaCN solution was analyzed for 32-min. Cs 
along with an aliquot of the supernate. 

In the first experiments the analytical pro- 
cedure used was modified from that of Glendenin 
and Nelson!’ in which Rb and Cs are separated 
by precipitation of Cs as silicotungstate. The 
procedure consists of a cobaltinitrite precipita- 
tion, solution of the precipitate in HCl, a silico- 
tungstate precipitation, two HCI washings of the 
silicotungstate, solution in NaOH, fuming with 
HCIO, to precipitate SiO. and WO;, a CsClO, 
precipitation, two Fe(OH); scavengings and a 
final cobaltinitrite precipitation. The Cs samples 
from the supernate solutions decayed with a 32- 
to 33-min. half-life, but those of the precipitate 
samples of precipitations later than 25 sec. 
decayed with somewhat shorter half-lives (27 to 
30 min.). In the latter samples the 17.8-min. 
activity grown from the 15.5-sec. Br®* is 
considerably greater than that of the 32-min. Cs 
and must be removed efficiently to determine the 
32-min. Cs activity. The activities so determined 
led to a 7-sec. half-life for I'**. However, since the 
weakly active samples of later precipitations are 
contaminated with some 17.8-min. Rb activity, 
the true half-life is expected to be somewhat 
shorter than that measured. 

The half-life of I'** was redetermined after a 
desirable chemical procedure was devised for the 
separation of Cs in the precipitate from Rb and 
the other fission products. The Cs is precipitated 
from the NaCN and supernate solutions as the 
cobaltinitrite. The precipitate is washed once 
with 10 ml 10-percent HAc. The precipitate is 
then dissolved in 1 ml 6N HCl by heating, 8 ml 
70-percent HCIO, is added, and the solution 
heated until dense fuming occurs. The solution 
is cooled and CsClQ, is precipitated by addition 
of 15 ml absolute ethyl alcohol. The precipitate 
is washed once with 10 ml absolute ethyl alcohol. 
The precipitate is dissolved in 10 ml H,O, and 
3 ml Bil;—HI reagent added to precipitate the 
Cs. Following the procedure given earlier in this 
section, the precipitate is washed twice, the I, 
’ expelled, two hydroxide precipitations are per- 
formed and the Cs is precipitated as the covalti- 


17L. E. Glendenin and C. M. Nelson, Plutonium Project 
Record, Vol. 9B, 8.22.1 (1946), 
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Normalized Activity of 32-min. Cs**%tcsm 


20 25 30 40 45 SO SS 60 


Time of Precipitation of Agl (Seconds After End of Irradiation) 


Fic. 9. Decay curve of I'*8 from 32-min. Cs!* activities 
extracted from AglI precipitates. Activities of 32-min. Cs'** 
in precipitates multiplied by normalization factors ob- 
tained by correcting Cs activities in supernates to 10° c/m 
(data of Table VI). 


nitrite. The chemical yield is ~60 percent and 
the time for analysis of two samples about 14 
hrs. The Cs is freed from contamination by Rb 
and the other fission products very effectively by 
this procedure as is evidenced by the decay 
curves of Cs obtained from samples of later pre- 
cipitations where the Cs activity was much 
lower than that of Rb or the other fission 
products. 

The measured activities of the Cs samples of 
the precipitate and supernate from a given 
experiment are corrected for chemical yield and 
aliquot of solution taken. Since the Cs activity is 
predominately in the supernate, this activity is 
used for monitoring the irradiations by nor- 
malizing the activity to a constant level, 10° 
c/m. The half-life found for I'** by least squares 
analysis is 6.5+0.4 sec. (Fig. 9) using the nor- 
malized activity data of Table VI. 

The half-lives found for I%* by the two 
methods, 5.6+0.1 sec. and 6.5+0.4 sec., differ 
by more than the estimated errors of the deter- 
mination. Such a discrepancy would result if Cs 
activity coseparated with Ag(Br, I) to the extent 
of one part in 5 X10*. This possibility was tested 
under conditions identical with those of the 
experiments already reported. Approximately 
one part in 5 X10° of the Cs activity was found 
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with the precipitate when the former was 
present at time of precipitation. When Cs ac- 
tivity was added one minute after precipitation, 
only one part in 10° coseparated. Thus the source 
of the discrepancy lies elsewhere. Coseparation 
of the Xe activity will lengthen the apparent 
half-lives in both procedures although the error 
in the first case should be smaller since the Xe” 
used for normalization will also coseparate. If 
other fission products are not removed to the 
required degree by the isolation procedure used 
for radio-Cs, the apparent half-life of I'** will be 
longer in the second method. In the first method 
Xe"®8 was separated from the precipitate and 
non-volatile radioactive contaminants before 
analysis for Cs. 

The average half-life by weighting the first 
determination twofold relative to the second is 
5.9+0.4 sec. 


9. HALF-LIFE OF 

The half-life of I'*® was determined by ana- 
lyzing the AgI precipitate and supernatant solu- 
tion containing Rb, Cs, Sr, and Ba carriers for 
85-min. Ba™*, After thorough washing of the 
precipitate on the filter disk, it was dissolved in 
NaCN solution containing Ba carrier and analysis 
for Ba was performed on this solution and an 
aliquot of the supernatant solution. The Ba was 
precipitated as BaCO; about 1 hr. after the end 
of irradiation. At this time the 7-min. Cs has 
completely decayed to the 85-min. Ba™®. After 
dissolving this precipitate in acid the Ba was 
separated by the procedure of Glendenin!* which 
includes two precipitations of Ba as Ba(NOs)> 
from fuming HNO; solution, a Fe(OH); scaveng- 
ing, and two precipitations of BaCl. using conc. 
HCl—ether reagent. The Ba was then converted 
to BaCrO, and counted. The 85-min. Ba’? 


TaBLeE VI. Activity of 32-min. Cs'** extracted from AgI precipitates and supernatant solutions. 


Normal- 
ization 
Activity : factor Activity 
of 32-min. Activity of for super- of Cs in 
Cs at 3 32-min. Cs nate ac- precip- 
Time of hrs. after Milli- corrected to tivities itate 
precipi- Agl precipi- ms 25 mg pre- (corrected (normal- 
tation tation pre- cipitate* and to 108 ized) 
of Agl Sample (c/m) cipitate Aliquot for aliquot c/m) (c/m) 
precipitate 4150 24.4 1.0 4250 _ 6720 
8 sec. supernate 13300 25.8 0.02 0.630 X 10° 1.58 —_— 
precipitate 1720 14.9 1.0 2885 —_ 4500 
10 sec. supernate 13100 26.1 0.02 0.640 x 10° 1.56 _ 
precipitate 2910 24.9 1.0 2920 — 3360 
15 sec. supernate 17200 25.2 0.02 0.870 x 106 1.15 — 
precipitate 1310 24.7 1.0 1325 — 1615 
20 sec supernate 13900 21.6 0.02 0.820 x 10° 1.22 — 
precipitate 371 22.5 1.0 412 - 985 
25 sec. supernate - 27.7 0.02 0.420 x 10° 2.39 
precipitate 388 26.0 1.0 373 — 388 
30 sec supernate 19200 25.4 0.02 0.965 x 10 1.04 — 
precipitate 435 21.4 1.0 — 845 
30 sec supernate 12200 25.8 0.02 0.605 x 106 1.66 —_ 
precipitate 280 25.1 1.0 279 _— 360 
31 sec. supernate 14500 23.8 0.02 0.775 X 108 1.29 — 
precipitate 148 25.3 1.0 146 — 349 
35 sec. supernate 8550 25.5 0.02 0.430 X 106 2.33 — 
precipitate 88 17.7 1.0 124 — 192 
40 sec supernate 12250 24.2 0.02 0.645 X 106 1.55 _— 
precipitate 152 24.8 1.0 153 — 177 
40 sec supernate 16200 24.0 0.02 0.860 x 10° 1.16 -— 
precipitate 88 23.0 1.0 92 111 
45 sec. supernate 17200 26.6 0.02 0.825 x 106 1.21 “= 
precipitate 68 25.7 1.0 66 — 120 
45 sec supernate 10800 25.0 0.02 0.550 x 10° 1.82 _ 
precipitate 31 13.0 1.0 60 —_ 70 
50 sec supernate 17600 26.3 0.02 0.855 X 10° 1.17 _ 
precipitate 61 26.4 1.0 58 - 83 
50 sec. supernate 13800 25.1 0.02 0.700 x 10° 1.43 — 


* Supernate activities multiplied by another factor of 1.02 to correct for Cs carrier originally present in solution at AgI precipitation. 


18 LL, E. Glendenin, Plutonium Project Record, Vol. 9B, 8.23.1 (1946). 
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activity is predominately in the supernate 
(>99.98 percent) so that the supernate activity 


- can be used for monitoring the irradiations. The 


half-life found for I'*° by least squares analysis 
was 2.7+0.1 sec. (Fig. 10) using the normalized 
activity data of Table VII. 

The half-life found for I'** is quite sensitive to 
the coseparation of Ba'® activity or its ante- 
cedents since so small a fraction of the total Ba 
activity is in the precipitate. For the coseparated 
activity to be less than 10 percent of the total 
activity of the samples from later precipitations 
(17 sec.), the coseparation factor must be less 
than 10~-*. Coseparation tests with Cs and Ba 
yielded factors of this magnitude, ~1 X10-® for 
Cs and <2X10~* for Ba. Since the factor for Xe 
and the fate of the Cs and Ba decay products of 
coseparated Xe are unknown, the half-life found 
for 18° may be somewhat higher than the true 
value. 


10. SEARCH FOR I'*° 


Two of the Ba samples isolated for the study 
of 18° (Section 9) were followed long enough to 
detect any activity of 12.8-days Ba", if present. 
None was observed in the AglI samples pre- 
cipitated at 7 and 10 sec., and on the assumption 
that an activity of 4 c/m would have been de- 
tected, a ratio of <5 X10~ for the 12.8-days Ba’*® 
activity in the precipitate to that in the super- 
nate was obtained. The conclusion from this is 
that the half-life of I'*° is short and/or the isotope 
is formed in low vield. 


11. MASS ASSIGNMENT OF THE 22.0-SEC. I 
DELAYED NEUTRON EMITTER 

The half-life of I'*7 has been determined on the 
assumption of constant chemical yield of Xe 
extraction to be 19.3+0.5 sec. (Section 7). It 
seems probable that I'*? and the 22.0-sec. | 
delayed neutron emitter are identical. This result 
and the half-lives found for I'** and I'** eliminate 
the possibility of the assignment of the mass of 
the 22.0-sec. I to 138 or 139.° 

Another uncertainty introduced into the 
assignment of the 22.0-sec. I delayed neutron 
emitter to mass 137 by the relatively lower yield 
of the stable isotope Xe* compared to Xe™ 
found in fission by Thode and Graham,!* has been 


19H. G. Thode and R. L. Graham, Can. J. Research 25, 
1 (1947). 


5,000) 


2.7 0.1 sec. 


Normalized Activity of By” Gsm) 


T 


10 ‘5 20 


Time of Precipitation of Agl (Seconds After End of Irradiation) 


Fig. 10. Decay curve of I'** from 85-min. Ba™® activities 
extracted from Agl precipitates. Activities of 85-min. Ba'®® 
in precipitates multiplied by normalization factors ob- 
tained by correcting Ba activities in supernates to 107 c/m 
(data for Table VID. 


removed. An assignment of the delayed neutron 
emitter to I'** was proposed" to explain the 
lower yield of Xe'® and the fission yield of 
9.2-hr. Xe" formed independently of the 6.7-hr. 
I, On the basis of a mass of 136, the 9.2-hr. Xe 
activity in a AgI precipitate should arise from 
two sources, the 22.0-sec. I decaying to the 
9,2-hr. Xe" by a process of 6--decay followed by 


TaBLeE VII. Activity of 85-min. Ba"® extracted from AgI 
precipitates and supernatant solutions. 


Activity of 


85-min. Ba Activity of Normali- 
in pre- 85-min. Ba zation Activity of 
cipitate at in supernate factor for a in pre- 
Time of time of at time of supernate cipitate 
precipi- Agl pre- Agl pre- activities (nor- 
tation cipitation cipitation (corrected malized) 
of Agl (c/m) (c/m) to 107 c/m) (c/m) 
7 sec. 1025 0.975 107 1.025 1050 
8 sec. 389 0.405 x 107 2.470 960 
9 sec. 340 0.905 x 107 1.105 376 
9 sec. 630 1.200 107 0.835 525 
10 sec. 1015 2.085 x 107 0.480 485 
11 sec. 650 1.655 107 0.605 393 
12 sec. 410 1.605 X 107 0.625 256 
13 sec. 342 1.725107 0.580 198 
14 sec. 110 0.675 X 107 1.480 163 
15 sec. 117 1.045 x 107 0.955 112 
16 sec. 173 1.475X 107 0.680 118 
17 sec. 138 1.485 x 107 0.675 93 
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neutron emission, and the 6.7-hr. I" decay during 
the time interval of about 6 min. between the 
AgI precipitation and the sweeping of the active 
gases from the NaCN solution of the dissolved 
precipitate. 

This hypothesis can be tested. The activity of 
the 9.2-hr. Xe should show variation with time 
of precipitation of AgI leading to a resolution of 
the composite decay curve into two periods, 22 
sec. and 6.7 hr. Some of the Xe samples used for 
the study of the half-life of I'*7 (Section 7) were 
followed long enough to measure the 9.2-hr Xe 
activities in them. It was found that the ratio 
of the activity of 9.2-hr. Xe to 3.8-min. Xe 
increased 70-fold for AgI precipitations in the 
time interval 15 sec. to 2.5 min., showing a much 


TABLE VIII. Activity of 9.2-hr. Xe! extracted from AgI 


precipitates. 


3.8-min. Xel87 
Activity of 


9.2-hr. Xel35 
Activity 
Activity of 9.2- 
from 
arbitrary 
22-sec. 
decay 


Nor- 
malized 
activity 


(c/m) 


102 
132 
119 
127 
144 


after AgI 
precipi- 
tation 
(c/m) 


23800 
32000 
25700 
22000 
20700 
3800 
1350 
680 


after AglI 
precipi- 
tation 
(c/m) 


curve 
(c/m) 


62500 
39000 
33500 
28500 
21000 
6000 
2300 
900 


factor 


2.62 
1.22 
1.30 
1.29 
1.01 
1.58 114 
1.71 123 
1.32 98 


slower decrease of the 9.2-hr. Xe activity relative 
to the 3.8-min. Xe activity as a function of time 
of AglI precipitation. Normalizing the 3.8-min. 
Xe'’ activities to a 22-sec. half-life for I'*7 and 
multiplying the 9.2-hr. Xe activities by these 
normalization factors, one finds that the 9.2-hr. 
Xe activity is roughly constant for AgI pre- 
cipitations from 15 sec. to 2.5 min. (last column 
of Table VIII). These results show that the 
delayed neutron emitter cannot be I'** since the 
contribution of 9.2-hr. Xe from this species 
would have resulted in a considerably higher 
activity in the 15 sec. AgI precipitate relative to 
the 2.5-min. sample. The lower yield of Xe'** 
relative to Xe" observed by Thode and Graham’ 
must, therefore, arise from some other source. 


12. LOSS OF ACTIVITY FROM SILVER HALIDE 
PRECIPITATES 


In the course of this work some semi-quan- 
titative information was obtained on the loss of 
the active decay products from AgBr(I) pre- 
cipitates. A comparison of the activity in the 
precipitate with that in the supernate yields the 
composite value of the fraction of the halogen 
activity precipitated and the fraction of the 
activity of the decay products retained by the 
precipitate. The fraction of the halogen activity 
precipitated with AgBr may be expected to be 
less than unity since activity present chemically 
in oxidized states of the halogens will not pre- 
cipitate unless the carrier species (Br~ or I~) 
reacts fast enough to reduce them to states ex- 
changeable with I~ or Br~ before precipitation. 
The retention factor expresses the loss of activity 
from the precipitate by the diffusion of Kr or Xe 
which may be expected to occur rapidly during 
coagulation while considerable surface is exposed, 
and more slowly afterward. This factor will be 
approximately the exponential decay of the 
halogen activity during the time of rapid dif- 
fusion. 

The ratio of the Ba"® activity in the AglI pre- 
cipitate to the activity in the supernate at the 
end of a 10-sec. irradiation is 6.2 x 10~* (see Fig. 
10). After correcting for the saturation of the 
2.7-sec. 1° during irradiation, and assuming the 
fission yield of I'*° to be about 0.3 that of Ba™®,® 
one finds the product of the fraction of the | 
activity precipitated as AgI and the fraction of 
the decay products retained by the precipitate 
is 0.006. Similarly, this value for the 5.9-sec. I'** 
is 0.05. A rough value of ~0.25 is found for the 
15.5-sec. Br8* by comparing the 17.8-min. Rb** 
activity with that of the 32-min. Cs"* activity 
in a mixed Ag(Br+1) precipitate where no 
separation of Rb from Cs is made in the analysis 
for Cs. From these results there is found a 
marked variation in the fraction of the decay 
products found in the precipitate as a function 
of the half-life of the halogen ancestor. Assuming 
the fraction of Br or | activity exchanged with 
Br- or I~ carriers is about 0.5, one can correlate 
the derived retention factors with a time required 
for retention of about 20 sec. 

The precision of the half-life determination of 
the halogen by the method employed here will 
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be affected by the difference in time required for 
“setting” of the precipitate from experiment to 
experiment. In those cases where the half-life of 
the halogen is long relative to ~20 sec., e.g., Br® 
and Br®’, the loss of activity during ‘‘setting’’ 
will not be significant and the scattering of the 
data from time variations in ‘‘setting”’ will be 
small. This result is borne out by the good pre- 
cision of the determination of the half-life of 
Br*? based on normalization values of Br® (cf. 
Section 3 and Fig. 5). On the other hand, where 
the half-life of the halogen is short relative to 
~20 sec., e.g., ['88, 18°, there is considerable loss 
of activity during the ‘‘setting’’ process and 
greater scatter of the points due to differences 
in “setting’’ time (see Fig. 10). It should be 
noted, however, that the variation in ‘‘setting”’ 
time is probably small relative to 2.7 sec. or con- 
siderably more scattering would have resulted. 
The considerations above offer an explanation 
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for the absence of 53-day Sr®® in AgBr precipi- 
tates if the mass assignment of the 4.51-sec. 
delayed neutron emitter is 89 or 90 (cf. Section 
6). Little activity would be retained by the pre- 
cipitate because of the short-half-life of the 
halogen, leading to difficulty in observing either 
an increase in Kr** activity above that formed 
from decay of 15.5-sec. Br®* or the Sr®® activity 
if the mass is 89, or Sr*®® activity formed via 
neutron emission and subsequent 8~ decay if 
the mass is 90. 


13. SUMMARY 


The results of these experiments on the half- 
lives of the halogen fission products clarify some 
of the ambiguities in mass assignment formerly 
existing in the table of ‘Nuclei Formed in 
Fission.’”’! Some new short-lived Br and I 
activities have also been found. The chain rela- 
tions as modified in this work are given below :** 


19.5-day Rb—Stable Sr 


75-min. Kr—6.3 X 10'°-yr. Rb—Stable Sr 


Mass 85: 3.00-min. Br— 4.5-hr. Kr— Stable Rb 
‘y 

~10-yr. Kr 
Mass 86: Stable Kr 

7 (neutron) 
Mass 87: 55.6-sec. Br— v. short Kr 
Mass 88: 15.5-sec. Br— 2.8-hr. Kr——>17.8-min. Rb— Stable Sr 
Mass (136): 86-sec. 1***-—>Stable Xe Cs—Stable Ba 


(neutron) 


Mass 137: 22.0-sec. Iv. short Xe 


Mass 138: 
Mass 139: 


3.9-min. Xe————>33-yr. Cs—Stable Ba 
5.9-sec. I> 17-min. Xe————>32-min. Cs— Stable Ba 
2.7-sec. I— 41-sec. Xe——-——>7-min. Cs—85-min. Ba— Stable La 
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Ammonium Nitrate and Thallous Nitrate 


E. KELLER AND S. HALFrorp* 
Mallinckrodt Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


(Received July 6, 1948) 


The infra-red absorption spectra from 680 to 3600 cm have been recorded for five crystalline 
modifications of NH,NOs; at 150°, 105°, 55°, 25°, and —40°; also the spectra from 680 to 
1450 cm™ of three modifications of TINO; at 170°, 100°, and 25°. Fundamental frequencies of 
the nitrate ion were found for NH,NO; at 715, 830, 1050, and 1350 cm™ (those for TINO; 
were found at approximately the same positions) and of the ammonium ion at 1430, 1760, 
3100, 3200 cm. The spectrum of each compound remains essentially the same with change 
of temperature, except that in NH,NO; at 150° and 105° the band at 715 cm™ is absent. 
It is notable that bands at 1050, 1760, and 3100 cm™, supposedly caused by symmetric vibra-° 
tions, remain active in all crystal forms investigated. 


INTRODUCTION 


OR some years it has been known that 
the character of the infra-red absorption 
spectrum of a compound depends largely upon 
the environment in which the molecules find 
themselves. Recently one of us! has advanced the 
thesis, subsequently verified? experimentally for 
the case of benzene, that (1) while the selection 
rules for the vapor are determined solely by the 
symmetry of the individual molecule; (2) for 
the liquid, in general, there are no strict selection 
rules; (3) the selection rules for the solid may 
be approximated by considering a single molecule 
and the symmetry of the potential field created 
by its neighbors. In passing from the liquid to 
the solid, it is expected that prohibitions may 
become operative, since in the latter the sym- 
metry of the surroundings of a given molecule 
are more nearly space and time-fixed, than in 
the former. 

It was thought of interest to extend experi- 
ments to include infra-red spectra of a single 
compound exhibiting several different crystal 
modifications. Presumably, with change in crystal 
structure, the change of potential field about any 
given molecule might alter the spectrum. Am- 
monium nitrate, capable of existing in five modi- 


* Present address: Department of Chemistry, Columbia 
University, New York, New York. , 

1R. S. Halford, J. Chem. Phys. 14, 8 (1946). The same 
symmetry argument for crystals was first used, in another 
connection, by H. Bethe, Ann. d. Physik 3, 133 (1929). 

2R. S. Halford-and O. A. Schaeffer, J. Chem. Phys. 15, 
141 (1946), 
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fications over a short temperature range at 
normal pressures, was chosen for this study. 

In order to treat the problem in accordance 
with the stated principles, it is necessary to 
know beforehand the ‘site’ symmetry of the 
molecules or ions in the crystal; that is, we must 
at least have knowledge of the space group and 
the number of molecules per unit cell for each 
of the five modifications of ammonium nitrate. 
Unfortunately, only two of the polymorphs have 
been sufficiently defined. These are NH,NO; IV 
(orthorhombic) stable from about —18° to 
+32°C, having space group V;" (P21/m2,/m2/n) 
and two molecules per unit cell,#4 and NH,NO; 
III (orthorhombic) stable from 32° to 84°C with 
space group and four 
molecules per unit cell. The remaining modifi- 
cations have been described as NH4NO; I (cubic) 
stable from 125° to 169°C (melting point) with one 
molecule per unit cell; NH,NOs; II (tetragonal) 
assigned to space group Dod or C4,” with two 
molecules per unit cell;> and NH4NOs; V (hex- 
agonal ?) with six molecules per unit cell. 

During the course of our investigations the 
spectra of forms I and II were found to be 
irregular with respect to the nitrate ion. Lack of 
crystallographic knowledge prompted us to treat 
thallous nitrate as we had ammonium nitrate, 
since the former possesses a high temperature 
cubic modification (TINO; a, space group un- 


3S. B. Hendricks, E. Posnjak, and F. C. Kracek, J. Am. 
Chem. Soc. 54, 2780 (1932). 

4C. D. West, J. Am. Chem. Soc. 54, 2256 (1932). 

5 R. Tiemeyer, Zeits. f. Krist. 97, 386 (1937), 
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known) having cell dimensions® almost those of 
NH,NO; I. From these considerations we infer 
that the nitrate ions in the two compounds may 
exist in similar environments in the high tem- 
perature forms and could therefore give rise to 
correspondingly similar spectra. TINO; exists in 
two other forms, thereby providing further possi- 
bilities of changes in spectra and of comparison 
with NH,NOs. 

In this article we shall describe the experi- 
mental methods and results of a study of the 
spectra of the five forms of ammonium nitrate 
and of the three forms of thallous nitrate. 


EXPERIMENTAL AND RESULTS—NH,NO; 


The requirements for the preparation of a solid 


sample for investigation in the infra-red include 


that the sample be transparent to infra-red 
radiations in the regions of non-absorption and 
that the sample not extensively scatter the 
radiation incident upon it. In the case of am- 
monium nitrate we found these requirements 
best met by preparing the sample in the following 
manner. 

Analytical reagent NH,NO; supplied by the 
Mallinckrodt Chemical Company was finely 
ground and spread in a thin layer upon a disk, 
50 mm in diameter and 1 mm thick, of rolled 
silver chloride obtained from Harshaw Chemical 
Company. Then a similar disk of AgCl was 
placed on top of the NH,NO; layer. This sand- 
wich was placed upon a small aluminum plate 
and the whole heated by a cone heater to the 
melting point of NH,NOs. Once the entire layer 
was fused, another aluminum plate was laid upon 
the sandwich and on top of this a weight of 
about a kilogram, thereby squeezing out excess 
sample. The heater was removed and the speci- 
men allowed to cool undisturbed. This last 
sequence of operations was carried out quickly 
since vaporized NH,NQOx; slowly decomposes to 
water and nitrous oxide at the melting point of 
the salt. By varying the amount of salt and the 
weight placed upon the sandwich, the thickness 
of the sample could be roughly adjusted. An 
apparent drawback of this procedure was the 
indeterminacy of the exact thickness of the 


6 C, Finbak and O. Hassel, Zeits. f. physik. Chemie B35, 
25 (1937). 


specimen. However, for the investigation under _ 
discussion the main aim was a sample that would 
display the fundamental absorption bands. To 
this end, the above treatment was entirely 
satisfactory. 

Since ammonium nitrate is highly volatile at 
the relatively high temperatures at which spectra 
were to be taken, it was desirable that the sample 
cell be closed from the atmosphere. The sand- 
wich was held between cork insulators with an 
ordinary c-clamp, while a hot glass rod was 
applied to the rim of the AgCl disks, thus 
welding them together. 

It was found that upon passing from one 
modification to another the sample became more 
opaque to infra-red radiations—it was by this 
evidence that we were assured a transition had 
occurred. Moreover, the sample would begin to 
scatter the shorter waves quite severely after 
several transitions. This was remedied by “re- 
juvenating” the salt layer: the sandwich was 
merely heated above the nitrate’s melting point 
and allowed to cool to the modification desired. 
This had to be done twice during the investi- 
gation. 

Because polymorphic transitions in NH,NO; 
are often delayed,’ in all cases, with the exception 
of modification V, the various crystal forms were 
obtained by maintaining the suitable tempera- 
ture for at least twelve hours before recording 
the spectra. The low temperature form was 
precooled for two hours. 

The electric heating cell and the liquid nitrogen 
cooling apparatus employed for temperature con- 
trol were those described by Carpenter,’ and 
Carpenter and Halford.® 

An automatic recording prism spectrophotom- 
eter’ was used for measurements of the spectra. 
At all times a cell, made of two disks of AgCl 
treated exactly as those used in the sample, was 
used as a photometric standard. The spectra 
were recorded in the following order : (1) NH4NOs; 
IV at room temperature; (2) III at 55°C; (3) II 
at 105°C; (4) I at 150°C; (5) IV again at room 


70. Lehmann, Zeits. f. Kryst. 1, 108 (1877). 
8G. B. Gone thesis for the doctorate, Harvard 
(1947). 
B. Carpenter and R. S. Halford, J. Chem. Phys. 15, 
99 Goat). 
10H. Gershinowitz and E. B. Wilson, Jr., J. Chem. 
Phys. 6, 197 (1938). 
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temperature; (6) V at —40°C; and (7) V at 
—65°C. Each spectrum was measured at least 
twice. In the region up to 1250 cm a NaCl 
prism was used, while from 1250 to 3600 cm— a 
CaF? prism was employed. 

Figure 1 shows the absorption spectra in the 
range 680 to 3600 cm of NH,NO; in its five 
modifications. The regions of transparency have 
been corrected to read 100 percent by using a 
sliding correction factor in order to compensate 
for the small though increasing losses of radiation 
toward the short wave end of the spectra. The 
absorption bands have been corrected accord- 
ingly. The spectra at —40° and. —65°C are 
virtually identical despite the fact that these tem- 
peratures straddle a reported lambda-point" ” 
of NH4NO; at about —60°C. Furthermore, the 
specimen gave the same spectrum at room tem- 
perature before and after it had been heated up 
to 150°C in the stages mentioned above. 

It is altogether plausible that all the distinct 
fundamental frequencies of nitrate (four) and of 
ammonium (four) ions appear in the spectra. 
The fundamental absorption bands of the two 
ions are confined to separate frequency regions 


Transmission (%) 
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Fic. 1. Infra-red absorption spectra from 680 to 3600 
cm of five crystalline forms of NH,NOs;: I at 150°C; 
II at 105°C; III at 55°C; IV at room temperature; V at 
—40°C. Measurements from 680 to 1250 cm™ were made 
with a rock salt prism, from 1250 to 3600 cm™ with a 
fluorite prism. 


1 J. L. Crenshaw, I. Ritter, Zeits. f. physik. Chemie B16, 
148 (1932). 
#2 R, Pohiman, Zeits, f. Physik 79, 419 (1932). 


and have been assigned" elsewhere as shown in 
Table I, regarding nitrate ion as planar and 
ammonium ion as tetrahedral. Also listed is an 
overtone frequency. 

Although the method of obtaining data does 
not lend itself to giving a quantitative picture of 
intensity changes in the five spectra, some 
qualitative information is readily presented. 
Most obvious is the disappearance in forms I 
and II of the band at 715 cm. Another unusual 
feature displayed by the group of spectra is the 
comparative increase in intensity of the 830 cm™ 
band, which contrasts with the losses of intensity 
at 715, 1050 and 1760 cm~. 


EXPERIMENTAL AND RESULTS—TINO; 


Specimens of thallous nitrate of high purity 
were prepared by a method similar to that used 


TABLE I. Assignment (13) of frequencies for ammonium 
and nitrate ions as found in NH4NO3. 


Frequency 
(cm~!) Assignment 


715 Doubly degenerate bend in plane 
830 N in-and-out of plane 
1050 Symmetric stretch in plane 
1350 Doubly degenerate unsymmetric 
stretch in plane 
1430 Triply degenerate bend 
1760 Doubly degenerate totally sym- 
metric bend 
3100 Totally symmetric stretch 
3200 Triply degenerate stretch 
2880 Overtone of 1430 


for ammonium nitrate, but with the following 
variations. Melted TINO; in contact with AgCl 
and oxygen of the air readily oxidizes to T1.03; 
to avoid this it was found sufficient to cool the 
melt soon after its formation as well as to keep 
the initial layer of powdered TINO; compact so 
as to exclude as much air as possible from the 
sandwich filling. The cell was not sealed as 
before; but instead the sandwich was placed in 
a holder consisting of threaded male and female 
parts, both parts having equal apertures for 
traversal by the light beam. The rim of the 
sandwich was in this way held secure. 

TINO; freezes at 206°C to form a clear mass 
of cubic crystals (form a); at 145°C the salt 
undergoes a transition to a trigonal form (8); 


13G. Herzberg, Infra-red and Raman Spectra, Vol. 11 
Company, Inc., New York, 1945), 
p- . 
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and at 75°C it passes into an orthorhombic form 
(y) stable down to very low temperatures. Of 
these modifications only the latter has been 
well defined crystallographically: possible space 
groups are given as D,? (P222;) and D, (P2,2;2) 
the latter being most probable, with four mole- 
cules per unit cell.‘ Upon passing from one form 
to another, TINO; crystals do not fracture™ into 
microcrystals as do those of NH4NQs,’ so that 
the occurrence of a transition was not immedi- 
ately obvious. Also, the sample never required 
rejuvenation, Absorption measurements were 
made in the following order: (1) y-form at room 
temperature ; (2) 6-form at 100°C; (3) a-form at 
170°C; and (4) y-form at room temperature 
again. Each of the absorption regions was meas- 
ured at least in duplicate. The same electrical 
heating cell as mentioned above was employed 
for temperature control. 

Figure 2 depicts the spectra of the three forms 
of TINO; in the fundamental region from 680 
to 1450 cm™. For this work the NaCl prism 
only was used. (680 cm~ seemed to be the lower 
useful limit for work with the NaCl prism on 
TINO3;; in this region the KBr prism has poor 
resolving power. Hence the band at 715 cm™ is 
covered as well as can be done on our instru- 
ment.) The data as presented appears uncor- 
rected for any effect of light-scattering that 
might be operative. 

The presence of all the nitrate fundamentals 
in all the modifications is evident, but the en- 
velopes of the bands near 700 and 1050 cm are 
quite different from the corresponding absorp- 
tions in the ammonium compound. Aside from 
the effect of temperature in broadening out the 
absorption envelopes, very little can be said 
concerning the changes in intensity of the various 
components of the spectra. 


DISCUSSION 


In view of the wide variety of environments 
in which the respective ions exist in NH,NOs; 
and TINOs, it is indeed singular that the spectra 
of the different modifications are so similar. 
Group theoretical considerations show that only 
the totally symmetric vibration of NO;~ (1050 

“LL. Rivoir and M. Abbad, Anales fis. quim. 39, 306 
(1943). 


4G. Tammann and W. Boehme, Zeits. f. allgem. anorg. 
Chemie 223, 365 (1935). 
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Fic. 2. Infra-red absorption spectra from 680 to 1450 
cm of three crystalline forms of TINO;: @ at 170°C; 
B at 100°C; and y at room temperature. All measurements 
were made with a rock salt prism. 


and symmetric stretch and bend of NH,«* 
(3100 and 1760 cm respectively) would be 
expected to become infra-red inactive if the ions 
were either in no potential field or in a very 
symmetrical one. Yet it is evident that these 
frequencies remain active in all the polymorphs 
investigated. It may be mentioned that in the 
two cases for which space-group information is 
complete (NH,NO; IV and III) the proposed 
criteria for selection rules are in agreement with 
the results. 

Finbak and Hassel® have shown by x-ray 
diffraction powder-diagrams that NH,NO; I has 
a cubic structure, @)=4.39A at 150°C and that 
TINOsgalso is cubic, a) =4.31A at 170°C. Pauling'® 
lists the crystal radii of NH,«* and TI* as 1.48A 
and 1.44A, respectively. In the light of this 
information, structural considerations do not 
readily explain the apparent failure of these two 
crystals to give similar spectra (i.e., in NH«NOs; 
the absorption at 715 cm™ is missing). 

The band near 715 cm is comparatively 
quite sensitive to the environment in which the 
nitrate ion finds itself. In two of the five modifi- 
cations of NH,NO; this band seems to be absent 
altogether, while it becomes noticeably less in- 
tense as one progresses toward higher tempera- 
tures through either the remaining three modifi- 
cations of this substance or the three modifications 
of TINOs;. Moreover, loss of intensity is accom- 
panied by small but definite shifts of the band 


16 L. Pauling, The Nature of the Chemical Bond (Cornell 
University Press, Ithaca, New York, 1939), p. 350. 
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toward lower frequencies. These changes are not 
paralleled in our observations by any of the 
other bands, although ones at 1050 and 1760 cm— 
do become less intense at higher temperatures. 
The behavior of this band at 715 cm~ is of 
the sort that might be expected! if it originates 
with a molecular mode whose capacity for ab- 
sorption results solely from perturbations pro- 
duced by the environment, one that could not 
contribute to the infra-red spectrum of the 
isolated molecule. The only fundamental mode 
that is forbidden to contribute to the infra-red 
spectrum of the isolated nitrate ion is the totally 
symmetric one. On the basis of strong evidence 
from the Raman effect!” in inorganic nitrates, 
this mode is assigned the frequency 1050 cm™: 
the Raman line at this frequency is intense, 
sharp, and strongly polarized, all features charac- 
teristic of a completely symmetric vibration. The 
Raman line for nitrate ion at 715 cm, on the 
other hand, is not polarized and has for some 


17 See, for wig P. Grassmann, Zeits. f. Physik 77, 
616 (1952); I A. Moses, Proc. Ind. Acad. Sci. 10A, 71 


oy BE CK Nedungadi, Proc. Ind. Acad. Sci. 14A, 
242 (1 


compounds been resolved into a doublet,'® indi- 
cating that the mode may be doubly degenerate. 
It is interesting to note that light scattering 
experiments with single crystals of KNQs (iso- 
morphous with NH,NO; IV) at different tem- 
peratures’ show that the 715 cm™ line shifts to 
lower frequency with increasing temperature, in 
accord with the infra-red behavior of this vibra- 
tion. Considering this data and that of earlier 
workers on the infra-red spectra of nitrates,” we 
cannot seek the explanation for the strange dis- 
appearance of the NH,NO; band at 715 cm™ in 
a mere shuffling of the assignment of nitrate ion 
frequencies. We are of the opinion, however, that 
a proper understanding of this anomaly will 
require some knowledge of the lattice modes and 
their combinations with the molecular modes. 
This question is being investigated currently 
with a more powerful spectrometer, using single 
crystals in polarized light, and, accordingly, addi- 
tional comment will not be offered at this time. 

18 P, Grassmann, see reference 17. 

19 T, M. K. Nedungadi, see reference 17. 

20 See, for example: C. Shaefer and C. Bormuth, Zeits. f. 


Physik 67, 508 (1930); D. Williams and L. Decherd, J. Am. 
Chem. Soc. 61, 1382 (1939). 
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Symmetry coordinates are set up from the standpoint of group theory for describing the 
normal modes of oscillation of the allene molecular model in such a manner that maximum 


factorization of the secular determinant is accomplished. The cubic and quartic portions of the 
anharmonic potential function are derived, and the components of vibrational angular mo- 
mentum are set down. The complete valence-type potential function is discussed. Explicit 
relations are derived between the force constants occurring in the secular determinant and the 


physical valence force constants. 


I. INTRODUCTION 
HE infra-red and Raman spectra of the 
allene molecule, C;H,, have been studied 
experimentally by several observers.' The non- 


~ 1M. Bou 1M. eo and L. Piaux, Bull. Soc. Chim. 51, 1041 
(1932); H. Kopper and A. Pongratz, Wien. Ber. 141, 840 


degenerate normal modes of vibration have been 


' investigated by Thompson and Linnett? and by 


(1932); L. G. Bonner and R. Hofstadter, Phys. Rev. 52, 
249 (1937); E. H. Eyster, J. Chem. Phys. 6, 580 (1938); J. 
W. Linnett and W. H. Avery, J. Chem. Phys. 6, 686 (1938). 

2H. W. Thompson and J. W. Linnett, J. ‘Chem. Soc. 
London, p. 1384 (1937). 
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TABLE I. Masses and equilibrium coordinates. 


r 


2 


Ta-You Wu.’ The symmetry properties of the 
vibrations and assignments of the experimental 
data have been discussed by Herzberg.‘ 


II. MOLECULAR CONFIGURATION 
AND SYMMETRY 


The available experimental evidence indicates 
for the allene molecule an equilibrium (vibra- 
tionless) configuration belonging to symmetry 
point group Deg. In this configuration the three C 
atoms lie on a straight line, the symmetry axis, 
and the two CHez groups lie in planes passing 
through the symmetry axis at right angles to 
each other. The equilibrium model adopted for 
the allene model is shown in Fig. 1 along with a 
right-handed rectangular coordinate system, 
xyz, whose origin coincides with the center of 
mass and whose axes are principal axes of inertia. 
The respective atoms are indicated by an arbi- 
trary index r(r=1, 2---7) for reference. The 
three C atoms lie on the z axis, H atoms 1 and 2 
lie in the xz plane, and H atoms 3 and 4 lie in 
the yz plane. The masses (m,) and equilibrium 
coordinates (or, Yor, Zor) Of the respective atoms 
are listed in Table I. 

The eight covering operations of symmetry 
point group Dez or V4 form five classes as follows: 


TABLE II. Characters of point group Dog. 


§Ta-You Wu, Vibrational Spectra and Structure of Poly- 
atomic Molecules (National University of Peking, Kun- 
Ming, China, 1939) (Edwards Brothers, Inc., Ann Arbor, 
Michigan, 1946), p. 287 ff. 

*G. Herzberg, Infrared and Raman Spectra of Polyatomic 
a (D. Van Nostrand Company, Inc., New York, 


E, the identity operation; C2, rotation by 7 
around the z axis; 2.S,, rotations by 2/2 around 
the z axis plus reflection in the xy plane; 2C,’, 
rotation by w around either of 2 axes in the xy 
plane which bisect angles between the x and y 
axes; and 2¢4, reflection in the xz and yz planes. 
Table II contains the characters of the various 
classes of covering operations performed on the 
five possible species (Ai, Aso, Bi, Be, E) of 
physical quantities. The species A and B are non- 
degenerate and E is twofold degenerate. Quan- 
tities associated with the vibrations and rotations 
of the allene model have the following species 
assignments: (a) of the components of linear 
displacement, x and y form an E pair and 2 is Be; 


Fic. 1. Equilibrium configuration of the allene molecular 
model. 


(b) of the components of angular momentum, P, 
and P, form an E pair and P, is A; (c) of the 
components of the electric dipole moment, M, 
and M, form an E pair and M, is Bz; (d) the 
polarizability tensor has components of species 
Ai, B,, Bo, and E. 


III. COORDINATES FOR INFINITESIMAL 
VIBRATIONS 


The body-fixed rectangular coordinate system, 
which was introduced in Section II for descrip- 
tion of the equilibrium configuration, is suitable 
for analytical discussion of the rotations and 
modes of vibration of the molecular model if it 
moves with the molecular framework subject to 


atom Xor Yor Zor 
H 1 Qo 0 Co 
H 2 —o 0 Co 
H 3 0 
H 4 0 Qo —Co 
C 5 0 0 bo 
Cc 6 0 0 
Cc 0 0 0 
by 
Co 
a 
f, 
| 
9 4 
a, \ 
E Ce 2S4 2ea 
» A 1 1 0 1 1 
A, 1 1 1 —1 -1 
> B 1 1 | 1 -1 
1 1 12 4 
4 E 4 —2 0 0 0 
on 
52, 
J. 
8). 
oc. 
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the following two conditions:* (a) the coor- 
dinate origin remains at the center of mass, and 
(b) none of the modes of vibration results in 
angular momentum of rotation of the molecular 
framework as a whole inside the coordinate 
system.’ 

The instantaneous coordinates of the rth atom 
during infinitesimal vibrations will be given by 
Xr=Xort+x,’, etc., where Xor, Yor, and Zor denote 
equilibrium values of the coordinates and x,’, y,’, 
z,/ denote components of displacement from the 
equilibrium position. Conditions (a) and (b) are 
satisfied by the following relations which are 
given in terms of the displacement coordinates: 


Por = Lr Mr(Vorer’ — Zorfr') =9, (2a) 
Poy = Lor Mr(Zords’ =0, (2b) 
Poe = Lr Mr(XorYr’ — York y’) =. (2c) 


For the allene model, these conditions are satis- 
fied by the following equations: 


m(xy' 


+ M(xs'+x6' +7’) =0, etc., 
and 
MAo(Z4' — 33’) —MCo(y1' +y2' — — 
— =0, (2’a) 


— 21’) + mCo(x1' — x4’) 
—xs’)=0, 


ma,(x3’ —y2’') =0. (2’c) 

The methods of group theory show that the 
fifteen normal modes of vibration of the allene 
molecule of symmetry Deg have the following 
species classifications: three of A1, none of A2, 
one of B,, three of Bz, and four pairs of E. The 
complete vibrational secular determinant can 
accordingly be broken up at once, if one uses 
generalized coordinates with proper symmetry 
properties, into steps as follows: one onefold, two 


5 C. Eckart, Phys. Rev. 47, 552 (1932). 

6 E. B. Wilson, Jr. and J. B. Howard, J. Chem. Phys. 4, 
260 (1936). 

7It cannot also be true, in general, that the coordinate 
axes remain instantaneously principal axes of inertia, but 
such a condition could be imposed in place of condition (b). 
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threefold, and two identical fourfold steps. It can 
be shown with the aid of group theory methods 
that the following fifteen linear combinations of 
the displacement coordinates form a set of 
linearly independent and mutually orthogonal 
generalized coordinates of appropriate sym- 
metries for setting up the normal vibration 
problem : 


Uy = (xy! — ys’ + ya’) /4, 


Ai: +22’ —23’ —24')/4, 
U3 = — 26’) /2. 
Ao: (x3 +y1'— yo’) =0, from po. = 0. 
By: vg=(x3' — yi! +40’) /4 
= —x4')/2 = (ye! — 91’) /2. 
Ws = (x1' — yu’) /4, (3) 
Be: we=27’, 
W7 = +26’) /2. 
Sg=X7; ts=y7', 
Sio= +6')/2; (ys +0’) /2, 
—ys')/2, 
where 


a=mc,/Mb,, and y=Co/do. (3a) 


Combination of Eqs. (1) and (2’) with the above 
definitions of symmetry coordinates leads to the 
following expressions for the 3N, or twenty-one 
displacement coordinates : 


wey’ 4850+ Sir], 
= —u,—wWs5— 

xq! = 

=Siotasis, 

Xe =S19— S11, 

X7! = Sz. 

yi! = —v4— (1/2) 

yo! 

ys! = — uy +ws— (1/2) 


|| 
| 
4 2 
wi 
pr 

In 
| dir 
y 
M1 
Mg 
| if a, 
func 
will | 
Bz by 


(3) 
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yal =U —Ws— (1/2) [28ts—to + 4Btio +t], 
ys =ho—atu, 


ye =thotatu, 


y7 =ts. 
(4) 
Zo = BLWet2w7 
= 
=Us 
= —Us 
= We, 
where 
M 
(4a) 
m 


while a and y are as defined in Eqs. (3a). 

The vibrational kinetic energy 7, must be of 
symmetry species A; and is given by the ex- 
pression 


7 
r=1 


In terms of the intermediate symmetry coor- 
dinates this becomes: 


3 


i=1 


7 
Conti? +2 (5) 


k=5 


+¥ [ui(s?+t2) +2 (Sse J, 
’>I1 


l=8 


in which the non-vanishing mass coefficients are 
Mi w3=2M; 


if a, 8B, and y are as defined in Eqs. (3a) and (4a). 
The harmonic or zero-order potential energy 
function U, must be of symmetry species A; and 


(Sa) 


* In the remainder of this paper, coordinates of species A; 
will be denoted ns | subscripts 7=1, 2, or 3; Bi by j=4; 
Bz by k=5, 6, or 7; and E by /=8, 9, 10, or 11. 


is given by the following general expression, 


3 


i=1 


7 
+> y Rx, WeWe | 
k=5 k’>k 


+D (Ri(s?+t2)+ Riv (sise +hitv)], (6) 
i=s 


in which the generalized force constants, kj, etc., 
must be determined from data and can be given 
in terms of physical force constants of the 
valence type. Since there are twenty-three 
generalized force constants and only fifteen 
fundamental frequencies, some approximations 
must be made in the evaluation of the force 
constants or some of them must be evaluated 
from data on isotopic molecules. 


IV. THE NORMAL MODES OF VIBRATION 


The frequencies, w,, of the normal or charac- 
teristic modes of vibration of the molecular 
model are obtained from the solution of La- 
grange’s determinantal equation, |AT,— U.| =0, 
where \,=47°c’w,”, if ¢ is velocity of light in 
cm/sec., and w, is the frequency in cm~. The 
steps of the secular determinant associated with 
the various symmetry species have the following 
forms: 


Aui— ky —ki,2 

Ai: Aue — ke —ko3 =z () (7a) 
—ki,3 —ke,3 Aus — ks 

A»: None. 

Aus—Rs —ks,6 

—ks« Aue—Re | | =O. 
| | (7c) 


in 
of 
of 
al 
m- 
)/2, 
ove 
the 
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—s,9 


Aus—ke 


Aus, 10— Rs, 10 


—kes, ll 


Aus — ko 


— Reo, 10 Aus, 11 


— ky, 10 


Aus, 10 — Re, 10 


R10 


— Rio, 11 


11 — Ro, 11 


—Rio,11 


The following relations among the frequencies 
of various symmetry species can be obtained 
from expansion of the steps of the secular deter- 


minant: 


= + me) + 


Ay: 
=[(kike— hi, 2?)/(urme) 
+[(Riks— hi, (8a) 
ke, J, 
= [Rikekst 3— Riko, 3? 
— kok, 2? 
By: (8b) 
— 7) / 
Mo, 7) ]+(Rs/us), 
Bo: = [us (Rok7 — Re, 7”) 
+ mo(Rskz — ks, ks, 6”) 
+ 2wo,r(ks, oks,7—Rske, 2) (8c) 


Cus(ueu7— 7) |, 
= 2s, oks, 7” 
—keoks, 7? —Rrks, 6? ue, 7°) 


Similar relations, too long to record here, can be 
obtained for the frequencies of species E. 

The following equations give the trasnforma- 
tions from the intermediate coordinates of Eq. 
(3) to the normal coordinates, Q,: for species A1, 

3 
NriQi, r=1, 2, 3, (9) 
i=1 
where n,; is the normalized cofactor of the ir 
element of the secular determinant in Eq. (7a) 


with for species Bi, 


(10) 
where 
Ns 
for species Bo, 
7 
NrkQk, (11) 
k=5 


where 1,; is the normalized cofactor of the kr 
element of the secular determinant in Eq. (7c) 
with for species E, 


11 
NriQiz; (12a) 
l=8 


11 
try= (12b) 
i=8 
where n,; is the normalized cofactor of the /r 
element of the secular determinant in Eq. (7d) 
with A= ,;. In terms of the normal coordinates, 
the kinetic and harmonic potential energies of 
vibration become 


T=(1/2) 


i=1 


+2 (Qi? +Qn?) (13) 
and 


U.=(1/2)} > 


i=1 


7 
k=5 


Qu) |. (14) 


It is convenient to introduce dimensionless coor- 


dinates g,, which are given by the transformation, , 


Q,n=(h/2mrcw,)*gn, and in terms of which the 
zero-order vibrational energy is given in the 


34 
] 
E: =. (7d) 
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Hamiltonian form as > 


(p2/h?) +92] 
+ onl +921 


11 
+2 of 
l=8 


(15) 


Fic. 2. Normal modes of vibra- 
tion of the allene molecular 
model. 


(14) 


coor- 
ation, , 
h the 
n the 


The normal modes of oscillation of the allene 
model are illustrated in Fig. 2. The actual modes 
of species A; are not necessarily those shown in 
the diagram, but they will be linear combinations 
of the three shown. Similar remarks hold for 
species B, and E. 


Vv. ANHARMONIC POTENTIAL FUNCTION 


Since each term in the expression for the total 
energy must belong to symmetry type A,, it can 
be shown by direct multiplication of the charac- 
ters in Table II that the cubic combinations of 
normal coordinates occurring in the anharmonic 
potential function of a molecule belonging to 
symmetry group Deg are: Ai’, [A?A;], 


| 
™ | <K <A 
Ay) Ay) Ai) 
12b) | <A SA 
1e lr | f 
(74) 
(13) | - 
E E E E (4) 
E Cx) E E @) E Che 
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B?A;, [A2BiB2], [A2A2® ], BiB., 
and B,B,®). Likewise the quartic combinations 
occurring are: Aj‘, A,A,®, (A,®)*, [Ae*], 
(42), Bit, (Bi), Bs, 
], ], BYB?, A,A2B,B, and 
A,)B,Be. The terms in square brackets, such as 
[A?A;], do not occur in the case of allene 
because there is no normal coordinate of first 
degree of type Az. The designations X ® are used 
to refer to the quadratic combinations of de- 
generate normal coordinates of the various sym- 
metry types.° 

The most general cubic portion U; of the 
anharmonic potential function of the allene 
molecular model is given by :!° 


+h Bis Gir’ +B 
Bingi(qiz? +9’) 
+ 


U>l 


+ { ia” — Quy”) 
+2 Bunge —QiyQi’y) (16) 


To second-order approximation" the quartic 


These quadratic combinations areas follows: 
and of type of type 
Ax and of type Bi (giz? 
and of type Be. 

10For the subscript notation employed see footnote 8. 
Primed and unprimed subscripts in a given summation 
refer to different coordinates of the same symmetry type. 
Each combination of subscripts may occur only once i.e., 
permutations are not allowed. 

The most general quartic portion of the anharmonic 
potential function contains the following additional terms 
which are of odd degree in at least one coordinate and do 
not ordinarily contribute to the allowed energies: q;*qi, 
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portion U2 of the anharmonic potential function 
is given by 


k 
+ { + Qty?) +X (QrzQu z+ 


yur y — W + 


+h (Quiz? — Qty?) (qu? — Quy’) 


+ Ving? (Que? } + Viikki Qe 
(que? 
+h (17) 


VI. VIBRATIONAL ANGULAR MOMENTUM 


The components of internal angular mo- 
mentum of vibration p,, py, and p, have im- 
portance in connection with the Coriolis inter- 
action between the total and internal angular 
momenta and are of the same symmetry types 
as the components of total angular momentum. 
An E pair is formed between p, and p,, and while 
pz is of type Az. These components are defined as 


pz M, (Xr dr’) ’ 


and are expressed in terms of the dimensionless 
normal coordinates g, and conjugate momenta 


(qt2Qt'y 

— Qty gt'y) — 

(Giz? — Qty?) (Giz? — Qty”) 

— 


fol 
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pn as follows: 

(18) 

Pe= 

+h SwL(@v 2) 


+ (qu 2Piy— Qi yPiz) J 
Sarl (wx/wa) 
— 


in which the Coriolis parameters are given by the 
following expressions : 


= 2m {[m2i— (Co/Ao) 

—[n2i— (Co/bo)msi 
£4. = —m}(Co/do) Moi, 
= 2M (Menon t+ Me, 77K) 

M101, (19) 
+2m (nimi 


= 2m 


VII. VALENCE SYMMETRY COORDINATES 


The generalized symmetry coordinates defined 
in Eqs. (3) were used in setting up the general 
quadratic potential function given in Eq. (6). 
The generalized force constants occurring in Eq. 
(6) do not have obvious physical significance and 
are not appropriate for use in the analysis of 
experimental data. It has been found in many 
cases that a suitable potential function for 
analysis of data is that based on so-called valence 
coordinates which are changes in the lengths of 
valence bonds and changes in the included 


valence angles. For infinitesimal displacements 


there are linear relationships between the 
valence coordinates and the generalized sym- 
metry coordinates defined in Eqs. (3). One can 
readily obtain linear relations between the 
generalized force constants in Eq. (6) and those 
in a valence type quadratic potential function. 

The valence coordinates can best be described 
in terms of changes in distances between pairs of 
atoms. The infinitesimal change in distance 5fmn 
between the mth and mth atoms is given in terms 
of the original rectangular coordinates and dis- 
placements as follows: 


+ (Hom — Yon) (Ym’ — Yn’) 


+ (Zom—Zon)(2m’—Zn') |/Pomn- (20) 


The valence coordinates suitable for description 
of infinitesimal vibrations of a group of three 
atoms (m, n, and a central atom C) are illustrated 
in Fig. 3, where %m=fom+6%m, 'n=Tont+6rn, and 
Bmn =Bomn+65Bmni %m, ANd Bm» denote, respec- 
tively, the instantaneous values of the two 
valence bond lengths and the included bond 
angle, while fom, Yon, and Bomn denote their 
equilibrium values and and 58m, denote 
changes occurring during vibration. The quan- 
tity 58mn is given for infinitesimal vibrations by 


5Bnn = PomnOPmn = (Ton —Ton COSBomn) 
(Ton —Tom COSB omn) 
(Teton SiINBomn), (21) 


where fm,» is the distance between atoms m and n. 
Additional angular coordinates required for the 
allene problem are defined as follows: 


5B = —91')/2do, 


where 68; is the change in angle between the two 
CH, planes resulting from torsional vibration. 


Fic. 3. Valence coordinates. 


| | 
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Species E: 


and 


5Bsery = (Vs — V7’ —Y7')/bo, 
Asz 6r2)/2 =2 QgiS1, 


where 685672 and 68se7y are, respectively, the 
changes in angle of the C—C—C configuration 


11 
Asy = asiti, 


in the xz and yz planes. ~ 
5Bsarz = — 2x6") /2(Co—dp) | u 
4. (x9! Agz = =2 QgiS1, 
Aoy = = Avit, 
= +92’ — 2ys')/2(Co— bo) (25) 
+ bo, 
= (Co— bo) 68347 = D 10181, 
where 683472 and 68127, are the changes in the sa 
les bet he CH; pl he C—C-—C = 
ween the CH; planes and the C 
Following the procedure outlined by Shaffer 
and Herman,” one can obtain the combination 6827) /2 =D ayysi, 
of valence coordinates listed below for the allene _— f 
type molecular model which belong to the various 1 : 
symmetry species. = 50(6847 — 6837) /2 = 
Species A 1: where ‘a 
3 = = 
i=1 a1,2> (22a) 
3 
22 
‘ ( ) Q5,5=40/To, a6,5=0, @7,5= (Co—b0)/To, 
(24a) 

Species A»: none. De, 
Species B, a3,3 = —B(ao/To), be, 

Ay = 2%. (23) = { (1/2) ]}, 
Species By: s,i0= — (1+28)(a0/ro), 
7 =—(1+2 of 

dy9=0, 910=2, O9,11=0, b. 

7 

Ac= (dre— 675)/2= A10,8= (Co/b.)-1—8, (25a) 
(24) @10,10= — (Co/bo) — 28, bs, 
5834) /4= 10,11 = (1/2) + (aco/do), bg 
Qius=—1+Be, by 


A’, 6817+ 5827 — 6837 — B47) /4 = — Az. 
(1 +26)e, 


2W.H. R.C. . Phys. 12, 
en — and R. C. Herman, J. Chem. Phys on nmat+(i+IeD, 


bs, 
by 


25) 


22a) 


(25a) 


if, a=(mc./Mb.), B=(M/4m), and 


One needs the inverse transformations giving 
the intermediate symmetry coordinates, uj, v4, 
W,, $1, and ¢; defined in Eqs. (3) in terms of the 
valence symmetry coordinates defined above, in 
order to set up the kinetic and potential energy 
expressions in terms of the valence coordinates. 
These relations are given below. 


3 
binAn, 2, 3; (26) 
h=1 
Dasa; (27) 
7 
We= R=5, 6,7; (28) 
h=5 
11 
buAnz, ti=X duAn 
h=8 h=8 
1=8,9,10,11, (29) 
where 
bi, y= — be, 3=o/To, 
bi, 1=b3 3=0, (26a) 


bi,3=b21= (Co—bo)/To, 


bo,2=b3,2=1; 


b,.=}, (27a) 
bs6=0, 

be, —b5,7/(1+38) =b7,5, 

be,6= (1+26)/(1+38), 
bi,6= —B6/(1+38), 


and, if o.=2m/(3M+4m), 
=I y=2ma?2+4mc2+2Mb?, and I..+4ma,’, 


bs, Qo/To, 


(28a) 
be. 


bs, s= — (do/To) oo, 
bs, 9= — 
bs, 11= Gobo, 

bs, 8= (dobo/? oo) (Lez/2Lez) |, 

bo,9= — (a.?/2b,”)[1 — ez) |, 
by 10= — 
bo, 11 = (40? [1 — +b oC obo) J, 


bs, 10> — 90, 
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bi0,s= 90), 
bio,10= —0, 510,11 = Gobo, 

bi1,8= — (@obo/T 60) 11, 10, 

bis,9=  511,10= 
= — bo 10. 


The vibrational kinetic energy, T,, can be 
written in terms of the valence symmetry coor- 
dinates with the aid of Eqs. (26)-(29) and Eq. 
(5) and is given by the following relation: 


3 ° 


7 


k=5 


+ 


h=8 


+2 >> M (30) 


where, if >>,.=4m+3M, 

M,=M;=4m, M2=4m+2M, 
M1,3=0, 
Mz,3= —4m(a./r.); 

M,=m; 

Ms= 

Me=(2M/>.)(2m+M), 

Ms,6= — 
Me,1= (do/To), 

Ms,1= 0) 


and 


Mi=DX +2ys, 10bsnb10n 


l=8 


u 


+ yo, 
VIII. VALENCE POTENTIAL FUNCTION 


The most general quadratic potential function, 
U., satisfying the symmetry conditions is given 


39 
= 
"| 
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by: 

i=l 


k’>k 


7 


+ Any’) 
h=8 
+ Kin J, (31) 
h'> 
in which the cross products occur only among 
symmetry coordinates of the same species. The 
complete valence-type potential function U, for 
the allene molecular model can be written in 
terms of the valence coordinates as 


(6r2)?+ (673)? + (6r4)? 
(drs)? + (drs)? ] 
+ cor (5812)? + (6834)? 
(585672)? + (58567)? | 
+62!" (Co— bo)? (58347)? + (58127)* ] 
+ (5817)? + (5827)? + (6837)? + (6847)? 
+¢3(6r1672+ 
574) 
(dri + dre) br6+ (673+ drs | 
+cat (671+ 672) 5812+ (573+ 674) 5834 
+64'roL (671 + (573+ 5812 
+64" roL 5765 
61558 34+ 6765812 | 
5r2) 585672 + (474 — 57s) 
+¢5' 5B 347 
+ (6r4— 58127 
bol (6r1— (6817 — 5827) 
+ (6r4— 6rs) (6847 — 5837] 8126834 
27+ 68376847) 
bo) 68567258347 + 58s67y58127 ] 
685672(5817 — 5827) 
+ 68 s67y(5847 — 5837) | 


58347(5817 — 5827) 
+ 6B127(5847— 6837) ], (32) 


in terms of the valence symmetry coordinates where 


Ky, =2(2¢1+¢3+2c;’), 
K3=4(2c2+¢e), 
Ky, 
Ky, 
Ke=2c;'—c;', 
K7,=4(2c2—Ce), 
—c4""), 
Ky=c2", 
Kip=c2'", 
Ki = = 266’, 


Ks9=Cs, 


(32a) 


Kg 
Kg u=¢s", 
Ko, 10=ce’/2, 
Ko 


Substitution of Eqs. (22)-(25) into Eq. (31) and 
comparison of the resulting expression with Eq. 
(6) lead to the relations between the K’s of Eq. 
(31) and the generalized force constants of Eq. 
(6); substitution of Eq. (32a) into the latter 
relations yields the expressions for the generalized 
force constants of Eq. (6) in terms of the valence 
force constants. 

In the analysis of experimental data one must 
assume as a first approximation that some of the 
valence force constants of Eq. (32) are negligible 
because sufficient data are not ordinarily avail- 
able to evaluate all of them accurately. One must 
exercise judgment in determining which of the 
constants to neglect. 

In conclusion the authors wish to thank Mr. 
W. L. Drevo for his drawing of Fig. 2 and Miss 
Shirley Thomas for her aid in the preparation of 
the manuscript. 
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Strips of copper foil were plated with a thin deposit of radioactive copper and the specimens 
then oxidized in air at 800°, 900°, 1000°C. From the distribution of radioactive copper in the 


oxide diffusion coefficients, D, for cuprous ion in cuprous oxide were calculated. Over the tem- 


perature range D was found to be 0.0358 exp(—37,000/RT) cm? 


sec.—!, The activation energy 


for the oxidation of copper is 39+2 kcal./mole, so that these measurements provide further 


evidence that diffusion of Cut in Cu.O is the rate-determining step in the oxidation. 


ARDEEN, Brattain, and Shockley! have re- 

cently determined the distribution, after 
oxidation in air at 1000°C, of radioactive copper 
deposited in a thin layer on a copper blank. The 
results were interpreted in terms of Wagner’s? 
theory of oxidation. We have made more ex- 
tensive measurements of the same kind over a 
range of temperatures, and from our data have 
derived values for the diffusion coefficient of Cut 
in Cu,O under the conditions of the oxidation 
process. 


EXPERIMENTAL PROCEDURE 


Copper 64, a 6-emitter of 12.8-hours half-life, 
was prepared by a d, p reaction with copper 63. 
We are indebted to Dr. D. B .Cowie and Dr. M. 
A. Tuve of the Carnegie Institution of Washing- 
ton for their kind cooperation in supplying this 
material. After separation from the cyclotron 
target, the copper was precipitated as thio- 
cyanate, ignited to CuO, and made up into a 
cyanide plating solution.* The copper was plated 
at 6 volts and a current density of 4 ma/cm? on 
both sides of a strip of copper foil 27.5 0.005 
cm. The calculated thickness of the deposit of 
copper was around 10-5 cm. The total count, 
measured with a Victoreen VG-10 Geiger counter 
and a Herbach and Rademann GL532B scaling 
circuit, was 3000 to 4000 counts per minute. 

After weighing, the strips were suspended in 
air in a furnace for times varying from 0.50 to 
2.00 minutes. The temperature was controlled 


1 J. Bardeen, W. H. Brattain, and W. Shockley, J. Chem. 
714 (1946). 
er and K. Grunewald, Zeits. f. physik. Chemie 
m0, 1938). 
J. Creighton and W. A. Koehler, Principles and 
Electrochemistry (John Wiley and Sons, 
ee New Yor 


1935), Vol. II, p. 117. 


manually within +5°C. Oxidations were made at 
800°, 900°, and 1000°C. The time required for the 
thin strip to reach the furnace temperature uni- 
formly was calculated on the assumption that the 
slow step in the heating is conduction of heat 
from the surface to the interior. This time was of 
the order of 4X second. 

After oxidation, the strip was reweighed, the 
calculated thickness of the oxide being 1 to 
2X10-* cm. One side of the active area was 
coated with Glyptal, and the strip was dried in an 
oven at 100°C. The exposed active area was 
etched in 1:3 hydrochloric acid to remove suc- 
cessive layers of the oxide. Four etchings were 
made. The copper in the solutions was precipi- 
tated as CuCNS, which was filtered off on filter 
paper, dried, and counted on the filter paper. The 
precipitate was then dissolved and analyzed 
colorimetrically for copper. The total copper 
found by analysis was generally a few percent 


TaBLE I. Typical data showing the distribution of 
radioactivity in the different layers of Cu2O. Layers are 


numbered beginning at the oxide-gas interface. Count is 
corrected for background. 
800° 900° 1000° 
% % % % % % 
total total total 
Layer thick- total Layer thick- total Layer thick- total 
No. count No. ness count No. ness count 
1 32 50 1 17 27 1 25 43 
2 28 34 2 19 26 2 24 35 
3 32 13 : 27 20 3 24 15 
4 8 3 37 27 4 27 7 
Total thickness: Total thickness: Total thickness: 
1.12 X10-3 cm 2.19 cm 2.12 cm 
Total time: Total time: Total time: 
120 sec. 120 sec. 30 sec. 
1 33 55 1 21 34 1 34 58 
2 43 35 2 24 38 2 33 32 
3 24 10 3 26 20 3 22 | 
4 29 8 4 11 
Total thickness: Total thickness: Total thickness 
0.91 X10-3 cm 2.36 X10-3 cm 2.15 cm 
Total time: Total time: Total time: 
120 sec. 120 sec. 30 sec. 
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TABLE II. Values of the diffusion coefficient computed from 
the data of Table I by the use of Eq. (2). 


800°C 900°C 1000°C 
La Layer 
No DxX10” No D X10" No. Dx10" 

1 11.8 1 48.5 1 145 
2 9.5 2 49.6 2 120 
3 9.4 3 65.2 3 122 
1 6.6 1 52.9 1 137 
2 74 z 40.3 2 128 
1 10.7 3 38.2 3 130 
2 8.4 | 145 
1 11.4 ee: 123 
2 9.1 %3 115 


Average:9.4+1.3 Average:49.146.8 Average: 130+7 


* Data of Bardeen et al. 


higher than that calculated from the weight gain 
on oxidation, indicating, perhaps, a slight attack 
on the underlying copper during etching. 


RESULTS AND DISCUSSION 


Typical data from the experiments are tabu- 
lated in Table I. In order to evaluate diffusion 
coefficients from these data, the solution of the 
diffusion equation for diffusion into a semi- 
infinite solid from an instantaneous plane source 
was employed.‘ This has the form 


= exp(—x?/4Dt), (1) 
(rDt)* 
+x10° 


Fic. 1. Variation of D with temperature. 


Mo M. Barrer, Diffusion in and through Solids (Cam- 
— University Press, Teddington, England, 1941), p 
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where Cis the concentration of radioactive copper 
at the point x, Q is the total quantity of radio- 
active copper, D is the diffusion coefficient, ¢ is 
the time of the diffusion, and the origin is at the 
oxide-gas interface. 

The use of Eq. (1) is equivalent to the physical 
assumption that the distribution of the radio- 
active copper throughout the oxide will be es- 
sentially the same as would be obtained if an 
equivalent amount of radioactive cuprous oxide 
were deposited on top of a cuprous oxide strip 
and this specimen maintained at temperature for 
a time equal to that in the oxidation experiments. 
This assumption seems reasonable in view of the 
fact that the thickness of radioactive copper 
originally deposited on the strip is very much less 
than the thickness of oxide finally obtained ; as a 
result, the thickness corresponding to the original 
active deposit is oxidized in a time which is 
(roughly) less than one-thousandth of the total 
time of oxidation. Hence, it seems that the great 
part of the diffusion of the radioactive Cut must 
be from an active layer of oxide into another 
layer of oxide. The approximation of the semi- 
infinite solid is supported by the observed ap- 
proach of the activity in the layer adjacent to the 
metal interface to a low value. It is true, of 
course, that the cuprous oxide which is being 
studied is not ordinary equilibrium Cu,O, so that 
the diffusion coefficient is not necessarily that for 
equilibrium Cu,O, but rather that for the par- 
ticular slab of CuzO formed on oxidation. 

Equation (1) can be brought into convenient 
form for calculation by dividing through by Q 
and integrating from a to 6 to give the fraction of 
activity between a and b. The result is 


where fs is the fraction of activity between a and 
b, and H(t) is the error function. Since fa, a, 5, 
and ¢ are known, D can be calculated. 

Table II shows the values of D at the three 
temperatures and the average values. The value 
of D has also been computed from the data of 
Bardeen, Brattain, and Shockley. This value is 
within 2 percent of our value at 1000°C. Although 
the values of D vary from layer to layer, there is 
not a very marked dependence on layer number. 
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DIFFUSION 


In Fig. 1, the logarithm of D is plotted against 
1/T, and a straight line has been drawn through 
the points. From the slope of the line an activa- 
tion energy of 37 kcal. is obtained for the 
diffusion. 

This energy of activation for the diffusion 
agrees within experimental error with the energy 
of activation of the oxidation reaction. The data 
of Pilling and Bedworth® yield an energy of 
activation of 40 kcal.* between 800 and 1000°C. 
The weight gain data from the present experi- 
ment correspond to an energy of activation of 
38+3 kcal. These activation energies provide 
additional evidence that diffusion of copper in 
cuprous oxide is the rate determining step in the 
oxidation reaction. 

The Eyring equation’ for the diffusion constant 
is 


kT 
D exp(AS*/R) exp(—AH*~/RT). (3) 


The value of the frequency factor calculated 


5N. E. Pilling and R. E. Bedworth, J. Inst. Metals 29, 
529 (1923). 

®N. F. Mott and R. W. Gurney, Electronic Processes in 
Ionic Crystals (Oxford University Press, London, 1940), p. 
t1926) See also J. S. Dunn, Proc. Roy. Soc. (A) 111, 303 

7S. Glasstone, K. J. Laidler, and H. Eyring, The Theory 
of Rate Processes (McGraw-Hill Book Company, Inc., New 
York, 1941), p. 539. 
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from Fig. 1 is 0.0358 cm? sec.—'. If the observed 
energy of activation is set equal to AH”, and d is 
taken as the equilibrium separation of the Cut 
ions in Cu,O (3.01X10-* cm), the entropy of 
activation, AS”, from Eq. (3), is 0.8 e.u. 

The value of D at 1000°C can be calculated 
from the theoretical expressions 


v=or/en, (4) 
eD =vkT. (S) 


Here v is the mobility of the Cu* ion, o is the 
electrical conductivity of Cu,O, 7 is the transport 
number of the Cut ions, is the number of 
copper ions per cc in Cu,O. The experimental 
values of these quantities are* ¢=4.8 cm, 
7=4X10-4, n=5.05X10”/cc. This calculation 
yields a value for D at 1000°C of 260x10-° 
cm? sec.—!, as compared with our average value of 
130 cm? sec.—'. This difference might be 
ascribed to the fact that Eq. (5) is derived for a 
condition of no net flow of current, while the 
apparent diffusion coefficient is measured during 
growth of the oxide film. 
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Discussion of the effect of impact parameter, distribution 
of electron energy and transition efficiency upon the 
appearance potential for ions from hydrocarbons in the 
mass spectrometer leads to the conclusion that initial ion 
current onset is a correct measure of the appearance 
potential. In order to calibrate the appearance potential 
voltage scale, the spectroscopic ionization potentials for 
seven gases were correlated with their apparent appear- 
ance potentials to give a calibration curve. Heretofore only 
one gas had been used to give a simple additive constant. 


(Received June 7, 1948) 


Appearance potentials were determined for ions from six 
paraffins and four olefins. For methane, ethane and propane 
the agreement with previous determinations is excellent. 
For the other hydrocarbons the values reported here are 
higher than those reported by others. It is concluded that 
dissociation energies computed from these appearance 
potentials are greater than true bond energies because 
electron collision processes give rise to excited fragments. 
The excitation energy appears to be greater for larger 
molecules. 


INTRODUCTION 


T has been recognized for many years that the 
electron energy necessary to produce ions 
from gas molecules under electron bombardment 
is intimately connected with the energy states 
both of the ion and of the molecule from which 
it was formed. If in some way that energy could 
be used to determine the strengths of bonds in 
the molecule under study, one would be in an 
advantageous position for the prediction of its 
behavior in chemical reactions. The desire to 
determine molecule energy states and bond 
strengths has led to a considerable amount of 
work on hydrocarbon ion appearance potentials 
in the mass spectrometer.'“!® No one can argue 


* Present address: U. S. Navy Electronics Laboratory, 
San Diego, California. 
1S. H. Bauer and T. R. Hogness, J. Chem. Phys. 3, 
687-692 (1935). 
2 W. Bleakney, E. U. Condon and L. G. Smith, J. Phys. 
Chem. 41, 197-208 (1937). 
*c.. &. ‘Cummings and W. Bleakney, Phys. Rev. 58, 
187-792 (1940). 
4J. M. Delfosse and W. Bleakney, Phys. Rev. 56, 256— 
260 (1939). 
5V. H. Dibeler, J. Research Nat. Bur. Stand. 38, 329- 
336 (1947). 
a 035), Hipple and W. Bleakney, Phys. Rev. 47, 802(A) 
Rev. 53, 530-533 (1938). 
A. le and D. P. Stevenson, Phys. Rev. 63, 
121 126 
*R. E. Honig, J. Chem. Phys. 16, 105-112 (1948). 
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(1943), P. Stevenson, J. Am. "Chem. Soc. 65, 209-212 
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that the results obtained are not important. 
However, their interpretation in terms of energy 
states and bond strengths is not yet on solid 
ground. The difficulties arise from two sources, 
the problem of deducing the appearance poten- 
tial accurately from the experimental data and 
the problem of relating the appearance potentials 
to molecular energy states. This paper will first 
discuss the former problem, then give the results 
obtained by applying the conclusions derived, 
and finally will discuss the latter problem of 
applying the results. 


DETERMINING APPEARANCE POTENTIALS 


As a first step in developing a proper inter- 
pretation of the experimental data, some thought 
should be given to the way in which the data 
are obtained. In Fig. 1 is shown schematically 
the ionization chamber of the mass spectrometer 
used in this work.** Gas molecules present are 
ionized by the electron beam E to give rise to 
the ion beam J. The electrons come from filament 
A and are accelerated by potentials on electrodes 
B and C. The ions in ion beam J will thus have 
been produced by electrons with an energy in 
electron volts numerically equal to the potential 
drop between A and C. Since the ionization 


% D. P. Stevenson and J. A. Hipple, J. Am. Chem. Soc. 


64, 1588-1594 (1942). 


is D. P. Stevenson and J. A. Hipple, J. Am. Chem. Soc. 


64, 2766-2768 (1942). 


17D. P. Stevenson and J. A. Hipple, J. Am. Chem. Soc. 


2769-2772 (1942). 


18 J. T. Tate, P. T. Smith and A. L. Vaughan, Phys. Rev. 


48, 525-531 (1935). 


** Consolidated Engineering Corporation Type 21-101. 
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chamber is part of a mass spectrometer, the ion 
beam can be resolved so that the current due 
only to ions of a given mass to charge ratio will 
be measured. If now the gas pressure and the 
current in the electron beam are kept constant, 
then changing the potential between A and C 
gives rise to a change in ion current such as is 
shown by the points in Fig. 2. The curve defined 
by these points is called the ionization efficiency 
curve, in this case, for C;H;+ (m/e=43) from 
n-butane. 

All of this is elementary and straightforward. 
However, as is generally the case with experi- 
mental data if a sufficiently open scale is used, 
these points lie about rather than on a smooth 
curve. Thus, if the scale is open enough to 
permit accurate location of the points, very 
small ion currents and instrument background 
are so difficult to separate that it becomes quite 
impossible to pick out the exact electron voltage 
at which ions of given m/e first appear. 


TRANSFER OF ENERGY FROM ELECTRON 
TO MOLECULE 


Various procedures can be and have been 
used to resolve this impasse. The most logical 
scheme would be one based on a hypothesis 
explaining the shape of the ionization efficiency 
curve. There are several factors which contribute 
to the curve shape. In what follows each will be 
treated as if it were the sole determining factor. 
The first factor to be considered is the transfer 
of energy from an electron to the molecule with 
which it collides. Oldenberg!® has pointed out 
that the transfer of kinetic energy of the electron 
into internal energy in the molecule will start 
with zero probability of transfer for electrons 
with just the energy necessary for the formation 
of an ion and increase with increasing electron 
energy. This statement is based on a considera- 
tion of the collision process. If the electron has 
exactly the critical energy, it must make an 
exactly central impact in order to excite the 
molecule. As the energy of the electrons becomes 
larger, the allowable impact parameter increases 
from the zero value for central impact to values 
corresponding to glancing collisions. If now P is 
the energy of the electrons and Vp, the critical 


19 OQ. Oldenberg, J. Chem. Phys. 13, 196-198 (1945). 


F 


Fic. 1. Schematic cross sections (at right angles to each 
other) through a typical ionization chamber. A, filament 
supported on heavy legs; B, first electron acceleratin 
plate; C, second electron accelerating plate; D, ‘pusher 
plates to supply small ion ejecting field; E, electron beam; 
F, electron catcher; G, ion accelerating plates; and /, 
ion beam. 


energy in electron volts and if one assumes that 
the molecules are hard spheres and that if it 
were not for this effect the ionization efficiency 
curve would be a straight line, one can write 
for the ion current J, at electron energy P the 
following equations: 


I,=0 Ps Vo, 
Ip=(1—Vo/P)(a+bP) P>Vo. 


The curve drawn in Fig. 2 shows the result of 
fitting these equations by least squares to the 
experimental data shown by the points. It is 
clearly apparent that the critical energy Vo =7.46 
electron volts determined by this curve is not a 
good representation of the data. 


Ion Intensity (Arbitrary Units) 


7.5 8.0 
Nominal Electron Voltage 


Fic. 2. Ionization efficiency curve showing experimental 
points for CsH;+ from n-butane. The smooth curve is that 
fitted to this data by least squares using an equation based 
on the electron impact parameter. 
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ELECTRON ENERGY SPREAD 


Up to this point it has been assumed tacitly 
that the electrons are mono-energetic. Inasmuch 
as the electrons are emitted from a hot filament 
this is not true. They possess a distribution of 
energies based on P and corresponding to the 
absolute temperature T of the filament. If one 
assumes that this distribution is Maxwellian?® 
and that the number of ions produced is directly 
proportional to the excess of the electron energy 
P above a critical value Vo, one can write for 
the ion current J, produced by electrons acceler- 
ated through a potential P 3?! 


1,=A(- P— vo) for P= 
2 11,606 


24 T (3 3 
I,=—— ——}-B} 
11,606|2 2 12 


for P< Vo, 


where 
B=(11,606/T)(Vo—P), 


Ion Intensity (Arbitrary Units) 


0 
7.0 7.5 8.0 


Nominal Electron Voltage 


Fic. 3. The same data as in Fig. 2 fitted by a curve 
based on the energy spread of electrons from a hot fila- 
ment. Apparent temperature 2349°K ; apparent appearance 
potential, 8.06 volts. 


20 C. del Rosario, Phys. Rev. 28, 769-780 (1926). 
* DP. P. Stevenson and J. A. Hipple, Phys. Rev. 62, 
237-240 (1942). 


and 


2 
exp(—x?)dx. 


Figure 3 shows how well one can fit these equa- 
tions to the data by a few steps of successive 
approximation. The curve, which is defined by 
the parameters A =534, V)=8.06 electron volts, 
and T=2349°K, fits the data with a standard 
error of estimate of s=+3.6 divisions of ion 
intensity. Although the parameter T corresponds 
to a fairly reasonable temperature for a tungsten 
filament and the fit is also reasonable, the fact 
that there must be an additional electron energy 
spread as a result of voltage drop along the fila- 
ment throws considerable doubt on the validity 
of identifying V) = 8.06 volts with the appearance 
potential. 

After the experimental work reported in this 
paper was completed, a paper by R. E. Honig® 
appeared in which is described a procedure for 
locating V» also based on the view that the 
curvature of the foot of the ionization efficiency 
curve is due to the electron energy spread. The 
procedure uses a critical slope to locate the 
point at which the electron energy P corresponds 
to a critical voltage Vo. Although the critical 
slope is derived on the assumption of a Max- 
wellian electron energy distribution and of the 
ion current being proportional to the square of 
the excess of the electron energy over the critical 
voltage, the fact that the effective absolute 


_ temperature of the electrons was measured inde- 


pendently from the ionization efficiency curve 
eliminates the difficulty just raised about poten- 
tial drop along the filament. Using this effective 
temperature, Honig was able to fit his ionization 
efficiency curves very accurately. More import- 
ant is the fact that the values for V» determined 
by the critical slope for the rare gases and 
nitrogen agree with the spectroscopic values 
within experimental error. On the other hand, 
it is also a fact that the simpler procedure of 
identifying initial current onset with V, also 
gives results agreeing with spectroscopic values 
for the rare gases. 


TRANSITION EFFICIENCIES 


Since it is the curved foot of the ionization 
efficiency curve which causes the difficulty in 
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estimating an appearance potential from the 
data, any argument which would validate the 
use of an extrapolation of the straight line portion 
would remove the difficulty. Vought” has ad- 
vanced a plausible argument which asserts that 
the voltage determined by the extrapolation of 
the straight line portion is just that necessary 
for the most probable or Franck-Condon transi- 
tion to the ionized state. This argument ascribes 
a good portion of the curvature to the transition 
probabilities between the lowest electron energy 
state of the molecule and that which leads to 
ionization. Thus the analysis which was just 
developed of the curvature in terms of electron 
energy spread can be only partially correct. 
Table I shows how well experimentally deter- 
mined appearance potentials correlate with spec- 
troscopic ionization potentials for seven gases. 
It will be noted that the correlation is every bit 
as good for appearance potentials determined 
from the extrapolated straight line portions of 
the ionization efficiency curves as those deter- 
mined from the estimated first appearance of ions. 
An equally plausible argument has been ad- 
vanced* to show that, with the sensitivity of 
the modern mass spectrometer, the point of 
first onset of ion current is more closely related 
to the energy differences of molecular and ionic 
energy states than is the linear extrapolation. 
However, the real test of a hypothesis is not how 
plausible it may be but how well it stands up 
in a crucial experimental test. Stevenson and 
Hipple#* showed that whereas the onset of ion 
current for A+ and At+*+ gave appearance poten- 
tials spaced according to the corresponding spec- 
troscopic ionization potentials the linear extrapo- 
lations gave values which differed from the 
spectroscopic values by considerably more than 
experimental precision. Other workers* using the 
initial current onset showed that relative to At 
the mass spectrometer gave the correct ionization 
potentials for Het, Ne+, Ne++, At+, Kr+* and 
Xet. It can be argued, with some force, that 
these results refer only to monatomic molecules. 
However, as Hagstrum*® points out, the use of 


2 R. H. Vought, Phys. Rev. 71, 93-101 (1947). 
(1947) Mariner and W. Bleakney, Phys. Rev. 72, 807-814 
* V, H. Dibeler, F. L. Mohler and R. M. Reese, J. Re- 
search Nat. Bur. Stand. 38, 617-620 (1947). 
%H. D. Hagstrum, Phys. Rev. 72, 947-963 (1947). 


TaBLE I. Calibration curves for two interpretations of 
ionization efficiency data. 


Fit of 
curve 
(standard 
Calibration curve for ex- estimate Calibration curve for first esti 
trapolated straight line _ in volts) appearance of ions in volts) 
Vo=5.98+24.0P+411P2 0.25 Vo=7.78—0.704P+618P? 4 0.25 


Vo=5.47+32.2P+411P2 0.29 Vo=6.12+38.0P+4-407P2 0.25 
Vo=4.25+61.3P+251P2 0.24 Vo=4.76+76.2P+171P? 0.24 


Set of 
data 
1 

2 

3 


the potential for initial current onset as the 
appearance potential for ions from He, Nz and 
NO gives rise to dissociation energies for the 
corresponding molecules which agree very well 
with spectroscopic values. 

Thus, although the data of Table I are incon- 
clusive, it appears from independent evidence 
that the initial onset of ion current should be 
identified with the appearance potential. The 
decision to use initial current onset was clinched 
when it was found that appearance potentials 
based on straight line extrapolations for C.H;+ 
from ethane, m-butane and m-pentane when used 
to compute bond strengths in the manner of 
D. P. Stevenson*® gave 122 and 144 kcal/mole 
as the energy to remove the first hydrogen from 
ethane and propane respectively, whereas the 
initial current onset interpretation of the same 
data gave 114 and 134 kcal/mole. While the fact 
that the bond strengths calculated using the 
straight line extrapolation interpretation were 
further from chemical experience and thus led to 
the decision to use the initial current onset 
interpretation, present ignorance with regard to 
the excitation of the fragments produced by 
electron collision prevents one from claiming on 
the basis of this evidence that one interpretation 
is more nearly correct than the other. 


EXPERIMENTAL PROCEDURE 


The ionization chamber shown in Fig. 1 was 
operated in the standard manner recommended 
by the manufacturer except for the potentials on 
electrodes C and D. Electrode B was maintained 
at +40 volts with respect to the filament A. 
Electrode F was kept at the same potential as C, 
and the electron current to it was kept constant 
at 9.0 microamperes. The ionization chamber is 
wholly immersed in an homogeneous magnetic 


26D. P. Stevenson, J. Chem. Phys. 10, 291 (1942). 
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field parallel to the electron beam, the energizing 
current for which was kept constant at 0.54 
ampere. 

The various gases to be studied were allowed 
to leak into the ionization chamber from a 
2-liter sample flask in which the initial pressure 
was in the neighborhood of 40 X10-* mm of Hg. 
The leak rate of the gas out of the sample flask 
into the chamber was about —0.3 percent/min. 
for m/e=58 from n-CyHi. The ions to be studied 
were then brought into register on the current 
detector of the mass spectrometer by adjust- 
ment of the ion accelerating voltage. Under 


20 


Ion Intensity (Arbitrary Units) 


10 


Nominal Electron Voltage 


Fic. 4. Part of the data of Figs. 2 and 3 plotted on an 
enlarged scale. The straight line is that fitted by least 
squares. Its intersection with the zero axis is taken to be 
the CsH;* appearance potential. 


these conditions m/e=58 from n-CyHio gave 16 
chart divisions per 10-* mm of Hg sample pres- 
sure at the beginning of the work and declined 
steadily to 3 divisions per 10-* mm of Hg five 
months later. 

Even though the decision has been made to use 
the “first break”’ or initial onset of ion current as 
a measure of appearance potential, one must 
carefully define the location of this point. Inas- 
much as the ionization efficiency curves approach 
the axis in an exponential manner, one must 
have some objective method of locating a break- 
off point. Stevenson and Hipple have proceeded 
by plotting each set of data on a scale adjusted 
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so as to make the curves similar. They then 
extrapolate by eye to the zero axis. This is an 
advance over simple extrapolation by eye. How- 
ever, any extrapolation by eye becomes an 
exercise in personal judgment when the data are 
plotted on a scale large enough to permit accurate 
extrapolation. 

Figure 4 shows an application of the scheme 
adopted in this work for locating the initial 
onset of ion current. After the ion accelerating 
voltage had been adjusted to bring the ion to be 
studied into focus (705 volts for m/e=58), the 
potential on electrode C (see Fig. 1), and hence 
the electron voltage, was raised in steps of 0.05 
volt from a point well below the expected appear- 
ance potential. At each step the ion accelerating 
voltage was swept from a value slightly greater 
than the value for focus to one slightly below. 
The ion current was determined by the height of 
the peak produced on the chart. This was con- 
tinued until the peak height reached about one 
chart division. The values found were then cor- 
rected to specific ion intensity by dividing by the 
pressure of the sample. On the basis of the ob- 
servation that this short section of the ionization 
efficiency curve differed negligibly from a straight 
line, such a line was fitted to the specific ion 
intensity data. Its intersection with the zero 
axis was then taken to be a measure of the 
appearance potential. 


ELECTRON ENERGY SCALE 


Although this procedure identifies a point on 
the electron energy axis with the appearance 
potential, there is still the problem of defining 
the scale to be used on this axis in order to 
obtain true values. There are several factors 
which cause the actual electron energies to be 
different from those expected from the potentials 
impressed on the accelerating electrodes. 

The thermal energy of the electrons and the 
contact potentials of the electrode surfaces have 
an effect on the total electron energy. Even more 
important the “pushers” (see Fig. 1) are kept at 
a constant potential of +3.1 volts, a portion of 
which contributes to the electron beam accelera- 
tion. In all of the previously published work!—'* 
on appearance potentials, this difference between 
applied electron accelerating voltage and actual 
electron energy has been adjusted for by means 
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TABLE IT. Convenient gases of known spectroscopic 
ionization potential 


Spectroscopic Experimental 
ionization potential precision 

Gas (volts) (volts) 
Argon* 15.75 0.02* 
Nitrogen> 15.572 0.002 
Carbon Monoxide* 14.1 0.1 
Carbon Dioxide? 13.78 0.02 
Water® 12.61 0.02 
Ethylene! 10.50 0.04 
Acetone’ 10.26 0.04* 
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an = Herzberg, Molecular Spectra, I (Prentice-Hall, Inc., New York, 
b R. E. Worley and F. A. Jenkins, Phys. Rev. 54, 305 (1938). 
eA. D. Walsh, Trans. F: Aged Soc. 42, 56 (1945). 
( son, C. Price and D. M. Simpson, Proc. Roy. Soc. 169A, 501-512 
1 
rs C. Price, J. Chem. os 4, 147-153 (1936). 
(ees a. C. Price and W. T. Tutte, Proc. Roy. Soc. 174A, 207-220 
(sen) B. F. Duncan, J. Chem. Phys. 3, 131-132 (1935); 8, 444-446 
940). 
* These precisions are not those given by the reference but are 
merely estimates. 


of an additive constant. The apparent appear- 
ance potential V of a monatomic gas, such as 
mercury or argon, has been compared to its 
accurately known spectroscopic ionization poten- 
tial Vo. The difference between the two is then 
added algebraically to the apparent appearance 
potentials for other ions to obtain true values. 
This procedure of using one calibrating point 
and the assumption of a calibration curve which 
is a straight line of unit slope should not be 
expected to yield accurate results for appearance 
potentials very different from that of the cali- 
brating gas. For that reason in the present work 
seven gases whose spectroscopic ionization poten- 
tials were known were used to construct a 
calibration curve. Table II shows the ionization 
potentials which were used. Of these values only 
that for CO is at all doubtful. The reference?’ 
given by Walsh*® for 14.1 electron volts relates 
only to transition to the *z state of CO. A more 
recent paper of Long and Walsh?® cites a value 
of 14.55 electron volts calculated from a Rydberg 
series by B. M. Anand.*® However, this value 
does not fit in at all smoothly with the mass 
spectrometer results found in this work. What is 
more, a value of 14.006 electron volts corre- 
sponds to the limit of a Rydberg series assigned 


27. Gerd, G. Herzberg and R. Schmid, Phys. Rev. 52, 
467 (1937). 

28 See Table II, reference c. 

°° L. H. Long and A. D. Walsh, Trans. Faraday Soc. 43, 
342 (1947). 
8° B, M. Anand, Science and Culture 8, 278-279 (1942). 


TABLE III. Calibration curves. 


Standard error 


of estimate 
Date Curves (electron volts) 

5-31-46 Vo=7.362+5.262 V+-555.3 V? 0.14 
Vo=2.742+108.7V 0.21 

6-25-46 Vo=7.230+4.835 V+ 569.6 V2 0.14 
Vo=2.516+110.7V 0.21 

7-12-46 Vo=6.523+18.27 V+479.9 V2 0.16 
Vo=2.3144+110.0V 0.22 

7-26-46 Vo=6.086+ 31.50 V+415.7 V? 0.12 
Vo=2.56+109.7V 0.15 

8- 6-46* Vo=9.78—55.15V+939.8 V? 0.26 
Vo=3.94+98.6V 0.45 

8— 7-46 Vo=4.79+ 62.69 V+272.0 V2 0.23 
Vo=2.62+112.3V 0.22 

9- 546 Vo=8.06— 23.85 V+679.0 V2 0.17 
Vo=1.48+112.3V 0.28 

9-12-46 Vo=10.06— 56.91 V+-821.6 V? 0.27 
Vo=2.46+104.5V 0.36 

9-13-46" Vo=7.57—7.10 V+600.9 V2 0.24 
Vo=2.13+109.6V 0.30 

9-17-46 Vo= 10.53 — 72.68 V+-933.4 V2 0.31 
Vo=1.85+110.7V 0.37 

9-23-46 Vo= 7.61 —11.56V+589.7 V2 0.19 
Vo=1.87+107.1V 0.25 

3-46 Vo=7.13—2.561 V+55. ov? 0.16 
Vo=1.60+110.2V 0.22 

2-13-47 Vo=7.78—0.704 V+618.5 0.25 
Vo=3.18+108.5V 0.30 

2-20-47 Vo=6.12+37.98 V+-406.9 V2 0.25 
Vo=3.04+110.4V 0.24 

3- 5-47 Vo=4.76+ 76.25 V+170.8 V2 0.24 
Vo=3.43+106.8V 0.21 

3-30-47 Vo=7.11+16.72 V+511.3 V? 0.14 
Vo=3.17+108.7V 0.20 

3-30-47» Vo=8.48+39.00 V+653.3 V? 0.22 
Vo=6.78+110.1V 0.28 

3-30-47 Vo=7.05+15.16V+536.8 V2 0.23 
Vo=3.02+110.4V 0.26 


® Calibration made at high electron catcher bias. 
> Calibration made at high pusher bias. 
Vo is the true appearance potential; V is the potentiometer reading. 


by Takamine, Tanaka and Iwata*! to the (0, 0) 
vibration series in CO. Inasmuch, as 14.1 electron 
volts agrees with this and with earlier electron 
collision results,” it has been used as a calibration 
point but with a reduced weight corresponding 
to the larger precision limit of +0.1 electron 
volt. 

The apparent appearance potentials in the 
mass spectrometer of these seven gases were 
used to construct a calibration curve. In order to 
determine the applied electron voltage accurately 
a constant fraction from a voltage dividing net- 
work was measured with a semi-precision potenti- 
ometer (Leeds and Northrup Type 7655). The 
potentiometer readings were used directly with 

31T, Takamine, Y. Tanaka and M. Iwata, Sci. Papers 
Inst. Phys, Chem. Research (Tokyo) 40, 371-378 (1943). 


®H. D. Hagstrum and J. T. Tate, Phys. Rev. 59, 354 
(1941). 
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the corresponding spectroscopic appearance po- 
tentials to give points to which a second degree 
curve was fitted by least squares. Table III 
shows both these curves and the corresponding 
least squares straight lines. It is interesting to 
note that the slopes of these iatter are not the 
same and hence any assumption of a simple addi- 
tive constant for a Consolidated mass spectrom- 
eter cannot be correct.*** The standard errors of 
estimate, S,=+()-d?/(n—3))', for the second 
degree curves are in general smaller than those, 
Si:=+(dd?2/(n—2))}, for the straight lines so all 
of the true appearance potentials have been 
calculated from the second degree curve deter- 
mined just prior to the experimental determi- 
nations, 

Since this work was completed, Honig? has 
made some experimental observations which 
throw doubt on this scheme of calibrating. First, 
he demonstrated that, when using his interpreta- 
tion of the ionization efficiency curve, it was 
necessary to use a mixture of the calibrating 
gas and the gas giving the ions to be measured. 


a 


15 


14 


10 


Spectroscopic Ionization Potential (Electron Volts) 


0.06 0.08 0.10 0.12 
Appearance Potential (1/112.3 of Applied 
Electron Voltage) 


Fic. 5. The solid curve is the calibration curve produced 
by fitting a second degree curve by least squares to the 
seven points given by acetone, ethylene, water, carbon 
dioxide, carbon monoxide, argon, and nitrogen (reading 
from left to right). The shaded area is the 95 percent 
confidence le The dashed straight line is the calibration 
curve one would get using only argon and a simple additive 
correction voltage. 


*** A slope of 112.3 corresponds to unit slope if both 
variables are expressed in volts since 112.3+0.1 is the 
voltage divider factor. 
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Otherwise the effective electron temperature 
would be different for different gases and the 
critical slope would be shifted. Since the shape 
of the lower part of the ionization efficiency curve 
must be due in part to electron energy spread, 
shifts in effective electron temperature could 
conceivably interfere with calibration. Second 
and more serious, the fact that there is agree- 
ment between mass spectrometer and spectro- 
scopic results for rare gases and nitrogen but 
not for ethylene or benzene in Honig’s work 
raises the issue of whether polyatomic molecules 
such as acetone and ethylene should be used as 
reference points. The view taken in the work 
reported here is that electron impact and photon 
absorption should give the same ionization poten- 
tials on the ground that a Rydberg series of 
electronic states is observed only when the 
electronic state potential curves are located 
directly above each other so that only the 0—0 
band appears for each state.** Thus the idea of a 
simple additive calibration constant which gives 
a discrepancy between appearance potential and 
spectroscopic ionization potential for some mole- 
cules has been abandoned in favor of a calibra- 
tion based on the identity of the two values for 
all molecules where a Rydberg series is available. 
This issue will be discussed further in connection 
with a comparison of the results obtained by 
the two methods. 

It should be pointed out that since the spec- 
troscopic values; the ordinates of the calibration 
curve, are more accurately known than the 
experimental apparent appearance potentials, 
which are the corresponding abscissas, the usual 
least squares method theoretically should not 
have been used. The usual method assumes com- 
plete accuracy in the abscissas and ascribes all 
the error to the ordinates. However, application 
of the exact method* gave results which did 
not differ significantly from the usual method so 
that the latter was used because of its simplicity. 
Figure 5 shows some of the additional informa- 
tion that the exact method yielded with regard 
to one of the cases (9-13-46 calibration) for 
which it was applied. The dashed straight line is 


3G, Herzberg, Molecular Spectra and Molecular Struc- 
ture. I. Diatomic Molecules (Prentice-Hall, Inc., New York, 
1939), page 231. 

4 W. E. Deming, Statistical Adjustment of Data (J. Wiley 
and Sons, Inc., New York, 1938). ? 
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TABLE IV. Stability of calibration scheme with 
regard to ionization chamber voltages. 


Apparent 
appearance True ap- 
potential pearance 
(potenti- tential 
Electrode ometer 
voltage reading) volts) 


Pusher bias* 


+ 3.1 
+10.9 
+ 3.1 


Electron catcher bias* 


Compound and ion 


0.0740 
0.0386 
0.0739 


11.15 
10.96 
11.10 


n-Butane, m/e=58 


13.92 
13.93 
13.95 
11.25 
11.22 
11.20 


Ethylene, m/e=27 0 


n-Pentane, m/e=57 


0 
+47.5 
0 


* These electrodes are biased with respect to the final electron 
accelerating electrode which is at the same potential as the plate con- 
taining the first ion beam defining slit. 


the calibration curve one would obtain by using 
argon alone as a calibrating gas. It can be seen 
that it lies partly outside the shaded area repre- 
senting the 95-percent confidence band. This 
band, which can be calculated from information 
derived from the exact least squares method, 
defines the range of ordinate within which the 
chance is 95 out of 100 that, for a particular value 
of V, the true appearance potential is located. 
Thus there is a region in which the straight line 
can be considered to be in error. 


EXPERIMENTAL VERIFICATION OF THE 
CALIBRATION METHOD 


In order to be certain that the above calibra- 
tion scheme was one which would compensate 
for changes in ionization chamber conditions, the 
voltages impressed on the pushers and the elec- 
tron catcher were deliberately varied by large 
amounts. Table IV shows that the calibration 
procedure is stable against changes which are 
far more severe than would ever be met in 
practice. 


EXPERIMENTAL RESULTS 


The hydrocarbon ion appearance potentials 
shown together with their standard deviations 
in Tables V, VI and VII were measured with 
Phillips Research Grade hydrocarbons. These 
hydrocarbons are 99-mole percent pure or better. 
The appearance potentials are given in terms of 


TABLE V. Ionization potentials of hydrocarbons. 


No. of Literature 


value Refer- 
(kcal/mole) ence 


304.549.2 13 
299.9+4.6 11 
300.8 +0.5 


269.0+2.3 
265.344.6 
271.340.5 


260.2+2.3 
258.4+6.9 
258.6+0.2 


240.1+42.3 
237.6+6.9 
249.1+0,2 


240.142.3 
237.6+4.6 


242.2+6.9 
243.4+0.2 


226.842.3 
227.0 


222.642.3 
225.1 


206.0+2.3 


Vo 
(kcal/mole) 
300.8+0.5 


measu 
Hydrocarbon ments 


Methane 2 


Ethane 271.7+0.5 


Propane 260.7 +1.2 


n-Butane 256.3+0.9 


Isobutane 255.1 


n-Pentane 250.8+0.2 


Propylene 231.8 


Butylene-1 230.7 


Isobutylene 222.6+1.6 


kilocalories per mole so that they may be com- 
pared directly with thermochemical data.f 

Figures 6 and 7 have been plotted to show the 
trends established for the appearance potentials 
of ions from succeeding members of the normal 
paraffin series. 


DISCUSSION OF RESULTS 


There are several remarks which should be 
made about the data in Tables V, VI and VII 
before discussing their interpretation. First, the 
experimental precision is as good as any pre- 
viously published results. These precisions are 
standard errors, Sp=+(>-d?/n(n—1))}, for the 
averages of independent determinations. They do 
not take into account explicitly the accuracy of 
calibration. This latter has been computed as 
standard error of estimate, S= +(}-d?/(n—3))}, 
which expresses only the “vertical” fit of the 
calibration curve to the points from which it was 
constructed. Thus, it would not be easy to state 


- the absolute accuracy of the appearance poten- 


+ The conversion factor used was 1 international electron 
pe per molecule equals 23.0682+0.0024 kilocalories per 
mole. 
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TABLE VI. Paraffin ion appearance potentials. 


TABLE VII. Olefin ion appearance potentials. 


No. of Literature 


No. of 


measu Vo value Refer- measure- Vo value Refer- 
Ion (m/e) ments (kcal/mole) (kcal/mole) ence Ion (m/e) ments (kcal/mole) (kcal/mole) ence 
Methane Ethylene 
15 z 336.341.2 334.549.2 13 27 4 321.1+0.2 327.642.3 12 
332.2+6.9 11 
Ethane 
15 3 532.2+30.4 
334.3469 = 3 314.4¢1.6 336.8+6.9 4 
5 2 4+1. 
28 4 263.9+1.2 280.5+2.3 15 
279.144.6 11 41 2 276.8+1.8 277.542.3 17 
0+0. 82. 
Butylene-1 
295.3246 11 27 2 383.6+10.2 
Propane 28 1 284.9 
15 1 584.1 392.2+4.6 17 29 4 316.3+1.6 276.1+2.3 14 
28 1 268.3 274.042.3 17 40 1 283.7 269.9+4.6 14 
272.2+6.9 11 41 268.7 +2.3 268.7 +2.3 14 
29 2 277.242.1 283.342.3 17 55 2 276.142.5 255.442.3 14 
283.346.9 11 
42 1 281.4 286.0+6.9 4 Isobutylene 
281.4+6.9 11 28 2 281.0+0.9 281.44+11.5 17 
43 2 271.342.3 270.8+2.3 17 40 3 276.8+0.9 269.7+42.3 17 
265.3+6.9 11 41 5 272.2+42.8 267.142.3 17 
a-Butane 55 5 278.9+1.6 262.7+42.3 17 
15 473.1 >460 15 
27 1 331.7 327.6+6.9 15 
28 3. 279140.7 266.7423 is carried out using different calibrations, the ex- 
— cellent precision shown must include implicitly 
~— anak? 11 the effect of calibration accuracy. Second, the 
41 2 315.647.2 303.6+2.3 15 agreement for the normal paraffins through 
306.8+6.9 11 a 
42 2 258.140.7 254.0423 15 propane between these data and those previously 
published is excellent. The agreement between 
— 2 314469 11 the results of Koffel and Lad" and other workers 
is remarkable in view of the fact that the former 
272.2 11. the straight line extrapolation interpretation 
lesbutane and the latter used the ion current onset or 
27 4  327.842.8 critical slope interpretation. The literature results 
28 4 323.4+4.4 279.1446 15 prior to 1941 in Tables V, VI and VII have been 
313.7+6.9 il orrected for h in th l f ean 
29 6 353.2485 - 2953446 15 ~~ the change is the value of ¢ and 
302.2-+11.5 11 the consequent change in calibration point. 
42 2 255.8+1.8 249.4+2.3 15 Third, as evidenced in Table V, for the paraffins 
246.8+4.6 11 
43 2 259.7-+40.9 254.0-+2.3 15 beyond propane and for olefins the ionization 
253.8+6.9 11 potentials obtained in this work are systemati- 
57 4 284.4+2.3 267.6+6.9 15 R 
267.6469 11 cally higher than others reported. It is interesting 
n-Pentane to note, that, if one recalculates literature values 
27 1 335.0 426.8+4.6 11 for the olefin molecule ions so as to shift from 
29 8  310.0+1.2 343.7469 11 one point calibration to seven points, the dis- 
41 1 299.4 332.2+4.6 11 : shown in Table VIII. 
42 S 2884446 11 TePancies.are reduced as is shown in Table VIII 
43 5 256.0-+0.7 272.244.6 11 The shift in calibration was effected by substi- 
56 1 267.1 260.7 +6.9 11 tuting in th libration curve 
37 2604409 2676469 11 the connention carve, 
71 5 3070469 2791469 11 


tials presented. However, since the various deter- 
minations of any appearance potential were 


the value for V from the relation 
V’ =a4+112.3V, 
based on an additive constant giving V’=15.75 


Literature 
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volts for the argon apparent appearance poten- 
tial V. V=0.0662 for propylene which, since it 
was referred to the calibration curve for 6-25-46 
in Table III, corresponded to V»y=10.05 ev 
V=0.1189 for argon was used in calculating the 
6-25-46 calibration so a=2.40 and 


Vo=7.39 —0.174V’ +0.045 V”. 


Thus, the literature value for propylene, V’ = 9.83 
ev, corresponds to V)=10.02 ev. As illustrated 
in Fig. 5 for another pair of calibrations, the 
two schemes give the same electron voltage at 
two points. For the data just described these 
are 15.32 ev and 10.68 ev. Between these two 
values Vo<V’ and beyond them V)>V’. Thus 
the difference between results is evidently a 
difference in calibration method. 

If, on the other hand, one were to assume that 
the apparent value for ethylene corresponds to 
10.60 ev as stated by Honig® and that for acetone 
10.46 ev should be used instead of the spectro- 
scopic value, recalculation of the 6-25-46 calibra- 
tion curve gives 


Vo=8.25 — 13.12 V+ 648.3 V? 


with a standard error of estimate of 0.15 ev. 
Thus a curve can be fitted to these data just as 
well as to the original ones. However, this 
calibration gives a propylene ionization potential 
of 10.22 ev or 235.8 kcal/mole. 
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Fic. 6. The appearance potentials of the molecule 
ions from normal paraffins. 


TABLE VIII. Result of changing basis of calibration. 


Literature Values from 
Compound Literature recalculated Table VII 
Propylene 9.834 10.02 10.05 
Butylene-1 9.65> 9.88 10.00 
Isobutylene 8.93 9.35 9.65 


® See reference 17. 
b See reference 14. 


Since this procedure increases the discrepancy, 
it is evident that, at least in this case, the 
assumption that electron impact gives higher 
values than found in spectroscopic work for 
large molecules does not reconcile the two cali- 
bration schemes. If the difference in results is 
wholly due to different calibration procedure, 
then the two sets plotted against each other as 
in Fig. 8 can be used to convert from one voltage 
scale to the other. Until some independent means 
of calibration for the 10-volt region is available, 
there is no way to decide which is the correct 
scale. 

Finally, as is apparent in Figs. 6 and 7, while 
the molecule ion appearance potentials for the 
normal paraffins form a decreasing sequence with 
the differences becoming smaller, the m/e=29 
ion appearance potentials for the same molecules 
show a reverse trend. 


DISSOCIATION ENERGIES 


Further discussion of the results tabulated in 
Tables V, VI and VII can best be carried on in 
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Fie. 7. of the ion C,H,* 
_the normal paraffins. 
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relation to a statement of the energies which 
define the appearance potential. In equation 
form, the statement reads: 


Vo(Rit) = 
+E(Rit)+E(Re)—E(RiR2) © 
+K.E.(Rit+)+K.E.(R2) —K.E.(RiR2). 


In this equation Vo(R:*) represents the appear- 
ance potential, or the minimum energy necessary 
for the production of the ion R,+ from the mole- 
cule RiRe. D(Ri—Rz) is the energy of the bond 
between R, and R¢ in the original molecule. It is 
defined as the energy necessary to produce the 
two fragments in their lowest energy states from 
the molecule in its lowest energy state. J(R:) is 
the energy necessary to remove an electron from 
the fragment R;. The various E’s represent in- 
ternal energy which the corresponding fragments 
or molecule have in excess of that of their lowest 
energy state. The K.E.’s represent the kinetic 
energies of the molecules. Both E(RiR:2) and 
K.E.(RiR2) can be neglected since the original 
gas will be at 250—-300°C. Most molecules at that 
temperature are still in their lowest vibration 
state, and the corresponding kinetic energy is 
0.05 electron volt. While the latter is of the 
order of experimental error, it is not large enough 
to account for the discrepancies to be described 
later. The kinetic energy of the neutral fragment 
can be deduced by conservation of momentum 
from that of the ion. Washburn and Berry® have 


2 

300 
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Fic. 8. Hydrocarbon ionization potentials. 


*% H. W. Washburn and C. E. Berry, Phys. Rev. 70, 
559 (1946). ‘ 
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determined the kinetic energies of ions from 
n-butane bombarded by 50 electron volt elec- 
trons. These varied from 0.04 to 2.4 electron 
volts. For two ions of interest to this discussion, 
m/e=29 and m/e=43, they found respectively 
0.08+0.01 and 0.045+0.005 electron volt. In 
view of the fact that bombarding electron 
energies of about 15 electron volts are used in 
appearance potential work, the kinetic energies 
can be expected to be smaller, and one can neglect 
them in the same manner as one has the other 
terms just discussed. 

D. P. Stevenson*® has gone a step farther and 
assumed that the excitation energies of the 
fragments are also negligible. On this basis, he 
was then able to set up closed energy cycles such 


TABLE IX. Values of D(R’—R”) for the reaction R’R” 


=R’+R”—D(R’—R”) as calculated according to D. P. 
Stevenson. 
(keal/mole) 
H CH; CH=CH: CoHs 
H 103.88 
CH; 103.5-41.5 87.8+2.5 
CH=CH: 135.1420 125.4431 164.6+2.8 
CoHs 111.543.9 94.8446 133.8444 117.54+5.5 
130.841.7 115.643.0 154.9426 126.1442 148.2424 
See reference 11. 


as the following: 


—117.1 kcal /mole*® 
C3Hs = 277.342.1 
H+C;H;+ = +293.0+0.9 


CH,=CH;+H —101.4+2.3 


or 


—111.1 kcal/mole® 
C3;H,= C.2H3++CH;—314.4+1.6 
H+C.H3;+=C.H, +321.1+0.2 


CH,=CH;+H —104.4+1.6 


In other words, from heats of formation and ion 
appearance potentials, one can calculate an 
energy related to a given bond in a molecule. In 
Table [X is a compilation similar to Stevenson’s 
of energies calculated from data from Tables V, 
VI and VII for the bonds indicated. 

While the two energy cycles for D(CH;—H) 
check each other and values obtained from ther- 


36 American Petroleum Institute Research Project 44 at 
the National Bureau of Standards, “Selected Values of 
Properties of Hydrocarbons,” April 30, 1945. 
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mochemical data, such as D(CH;—H) =102+1 
kcal/mole,?”7 Table IX shows that whatever con- 
fidence this engenders in the assumption of 
negligible excitation energies is destroyed by the 
upward trends in calculated energies with mo- 
lecular weight. The differences between this 
table and the similar one presented by Steven- 
son are the result of the differences in the 
corresponding appearance potentials. 

In the light of thermochemical evidence with 
regard to chemical bonds, these upward trends 
must be taken to be the result of differences be- 
tween dissociation energy as measured by elec- 
tron impact and the corresponding bond energy. 
Long and Norrish* have pointed out that it 
would be surprising if inelastic collision produced 
unexcited fragments from large molecules. At 
least there will be an energy corresponding to 
the change in atomic arrangement between the 
fragment as it is in the molecule and the frag- 
ment after release from the molecule. For this 
reason they define a dissociation energy which 
may be represented as: 


D'(Ry Ro) =D(Ri = Re) + E(Ri*) +E(R2). 


Their position is that although the energy D’ 
will be necessary to cause the breaking of the 
Ri—Rz: bond, thermochemical data, being ob- 
tained under equilibrium conditions, will give 
values for the bond energy D because any 
excitation energies E imparted to the fragments 
in the process under study are returned to the 
reacting system. Electron impact, on the other 
hand, is a non-equilibrium process so that the 
excitation energies must be taken into account, 
and one obtains values for D’ and not for D. 
An excellent example of electron collision pro- 
ducing an excited ion is found in the production 
of CH+ from HCN. Spectroscopic evidence® has 
shown that the mass spectrometer ionization 
potential for this ion” includes 85 kcal/mole 
“excess’’ energy. Thus, an accurate knowledge 
of the energy states of the fragments produced 
is necessary before ionization potentials can be 
used to calculate bond energies. 

37H. C. Anderson and G. B. Kistiakowsky, J. Chem. 
Phys. 11, 6-10 (1943); G. B. Kistiakowsky and E. R. Van 
Artsdalen, J. Chem. Phys. 12, 469-478 (1944). 

38L. H. Long and R. G. W. Norrish, Proc. Roy. Soc. 
187A, 337-357 (1946). 


39 A. E. Douglas and G. Herzberg, Can. J. Res. 20A, 
71-82 (1942). 
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It is interesting to note that if one makes the 
crude assumption that the energy needed to 
produce the ion R,t from the molecule RiRz is 
in excess of D(Ri1—R2) and J(Ri*+) by an amount 
which is a linear function of the number of 
methylene groups in RR» less one, one can 
obtain an approximately consistent correction 
for the excess energy for the production of C.H5*. 
Since thermochemical data® give D(C;H;—H) 
=98+2 kcal/mole, one can compute that 13.5 
+4.4 kcal/mole, according to the assumption, 
is the excess energy for the production of C:;H,t 
from n-butane, and that therefore 27+6 kcal/ 
mole is that for C:H;*+ from n-pentane. The 
value D(C;H;—H)=104+6 kcal/mole, calcu- 
lated from the corrected appearance potential of 
C:H;* from n-pentane, is larger than that for 
D(C:Hs—H), which is contrary to chemical 
experience,®® but the experimental uncertainty 
is so large that one could say that the correction 
is roughly satisfactory. 


CONCLUSIONS 


Although the appearance potentials discussed 
in this paper are as precise experimentally as any 
previously published, the difference between 
them and those published previously raises doubt 
as to the absolute accuracy of both sets of data. 
The difference arises from the method used for 
calibrating the voltage scale. 

It seems entirely reasonable that for larger 
molecules the energy necessary to produce a 
given ion will be partially due to simultaneous 
internal excitation of the fragments produced 
and that the amount of excitation energy will 
increase with molecule size. Thus mass spectrom- 
eter appearance potentials cannot be used in 
calculating bond energies unless some knowledge 
about the states of the fragments produced is 
available. 
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An analysis has been carried out for isentropic expansion through a representative rocket 
nozzle. The rate of change of temperature of an element of gas with distance and time in 
the vicinity of the nozzle throat is discussed in some detail. By use of Daniels’ rate constant 
for the formation of nitric oxide from nitrogen and oxygen, it is shown that the temperature 
changes so rapidly that the reaction 2NO@O2+Nz2 produces insignificantly small composition 
changes below about 2800°K when the temperature in the rocket chamber is 3000°K. 


I. INTRODUCTION 


ERFORMANCE calculations for a propel- 
lant system in a rocket motor require the 
determination of thermodynamic properties at 
rocket chamber and nozzle exit conditions. It is 
customary to perform rocket calculations on the 
assumption that equilibrium among the internal 
energy states is maintained.'? This assumption 
is also made in the present discussion without, 
however, proving its validity. In fact, a more 
detailed analysis of the rate of attainment of 
equilibrium among the internal energy states 
may lead to a refinement of performance calcu- 
lations in rockets. Relevant experimental and 
theoretical data can be found in the litera- 
ture.* 4 5 6 
It is the purpose of this paper to consider 
flow through a nozzle with reference to composi- 
tion changes which may occur as the result of 
chemical reactions. The flow equations which 
are used correspond to thé well-known one- 
dimensional approximation.** 
The numerical analysis of the changes in 


* Presented as Paper 26 before the 112th meeting of the 
—— Chemical Society in New York City, September, 
1 

1F, J. Malina, J. Franklin Inst. 230, 433 (1940). 

2H. S. Seifert, M. Mills, and M. Summerfield, Am. J. 
Phys. 15, 1-21, 121-140, 255-275 (1947). 

3H. O. Kneser, J. Acous. Soc. Am. 5, 122 (1933). 

4L. Landau and E. Teller, Physik. Zeits. Sowjetunion 
1, 34 (1936). 

5 A. Kantrowitz, J. Chem. Phys. 14, 150 (1946). 

6 P, W. Huber and A. Kantrowitz, J. Chem. Phys. 15, 
275 (1947). 

** A number of papers concerned with the problem of 
one-dimensional flow through a nozzle have been published 
since the 2 pe gras of this article. Among these may be 
mentioned the papers by A. H. a # et al., J. App. 
Mech. 14, 317, 344 (1948), and by Hicks, D. J. 
Montgomery, and R. H. Wasserman, J. App. Phys. 18, 
891 (1947). 
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chemical composition during isentropic expan- 
sion described in the present paper is related to 
the general problem of gas reactions in flow 
systems which has been discussed by a number 
of authors.” **1° In order to calculate the extent 
of changes in chemical composition during flow, 
it is necessary to know the rates of the various 
reactions involved, as well as the rate of change 
of temperature and pressure with time. Theo- 
retical estimates of the order of magnitude of the 
reaction rates" or extrapolations from low- 
temperature measurements may be sufficient in 
some cases, since only relatively fast reactions 
will permit extensive composition changes during 
isentropic expansion through the rocket nozzle. 
The present analysis is limited to a study of the 
changes in composition according to the reaction 


2NO2024+N2. 


Rate constants for the formation of nitric oxide 
from oxygen and nitrogen are available in the 
literature.” 4 These rate data are combined 
with the time-temperature relations for an adi- 
abatic flow process in a rocket nozzle in order to 
predict the extent of composition change pro- 


7 Th. von Forster and K. H. Geib, Ann. d. Physik 20, 


250 (1934). 

8H. M. Hulburt, Ind. Eng. Chem. 36, 1012 (1944) ; 37, 
1063 (1945). 
(98). M. Harris, J. Phys. and Colloid Chem. 51, 505 


10K, Schaefer, “On the Thermodynamics of Rocket 
Propulsion, I,’’ Headquarters, Air Materiel Command, 
Wright Field, Dayton, “Ohio, 1947. 

nS. Glasstone, K. J. Laidler, and H. Eyring, The 
Theory of Rate Process (McGraw-Hill Book Company, 
New York, 1941). 

RF, Daniels et al., private communication, 1943. 

18 J. Zeldovich, Acta Phys. Chim., URSS 21, 577 (1946). 
27 ( A ae -Kamenetsky, Acta Phys. Chim., URSS 22, 
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duced by chemical reaction. The corrections 
which should be applied to the thermodynamic 
treatment of the flow process when appreciable 
composition changes occur are usually not large. 
A detailed discussion of the method has been 
given elsewhere for an idealized system.'5 


II. REDUCED TEMPERATURE AS A FUNCTION OF 
NOZZLE DIAMETER 


The adiabatic expansion of 1 mole of a perfect 
gas through a nozzle without friction losses is 
considered in the following discussion. From the 
condition that the flow occurs isentropically, 
it follows that 


dp/p=dT/(y—1)T, (1) 


where p represents the density, T is the temper- 
ature at any point along the nozzle, and y is the 
ratio of the specific heat at constant pressure to 
the specific heat at constant volume. By the use 
of Eq. (1) together with the equation of con- 
tinuity 


dv/v+dp/p+dA/A=0 (2) 
and the law of conservation of energy 
Modv = —c,dT (3) 


it can be shown that 


dr +r 1 1 
2L2(1—Tr) (y—-1)Tr 


Here v is the velocity of flow parallel to the nozzle 
axis, A represents the cross-sectional area at any 
point which is assumed to be circular and of 
radius r, M is the molecular weight, c, is the 
heat capacity per mole at constant pressure, and 
Tr is defined as T/T, where T, represents the 
chamber temperature. Equation (4) has been 
derived on the assumptions that v=0 at T=T, 
and that c, is constant.*** 

From Eq. (4) the following well-known rela- 
tions can be derived: . 


(5) 


15S. S. Penner and D. Altman, J. Franklin Inst. 245, 
421 (1948). 


*** The constancy of cp and hence of y is assumed in ° 


the present paper for the sake of simplicity. The replace- 
ment of an average y for a given region by a variable y 
which includes changes in internal energy states and 
chemical composition involves a second-order correction 
to the physical parameters discussed in this paper. 


and 
Tr,=T,/T.=2/(y+1), (6) 


where the subscripts e and ¢ denote conditions 
at the nozzle exit and nozzle throat, respectively. 

Calculations have been carried through to 
determine Tz as a function of r/r, for a ratio of 
chamber pressure ~, to exit pressure p, of 20:1 
for gases with y=1.67 and y=1.20. The values 
of Tr, were calculated by use of the customary 
adiabatic relation 


Tr.= T./T. = (Pe/Pe) (7) 


Results are summarized by the plots of Fig. 1. 
It should be noted that the minimum value of 
r/t.=11/e, Corresponding to the nozzle throat, 
occurs at greater values of Tp for smaller y in 
accord with Eq. (6). Also the value of Jr, 
=T./T, increases with decreasing y according 
to Eq. (7). As the chamber entrance is ap- 
proached where r/r,. increases without 
limit. This is the result of the assumption that 
v=0 at T=T,, which was made in the derivation 
of Eq. (4). 


Ill. REDUCED TEMPERATURE AS A FUNCTION OF 
AXIAL DISTANCE 


Instead of expressing Tp as a function of r/r,, 
it is possible to relate Tp to the linear distance 
from some arbitrarily chosen origin. It is con- 
venient to choose the origin at the nozzle throat 
and to designate the direction toward the nozzle 
exit as the positive axis, as shown in Fig. 2. 

Conventional designs of rocket nozzles are 
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formed from two intersecting cones of half angles 
a and f. The throat region is rounded off with a 
radius of curvature a, which is frequently chosen 
as approximately equal to the throat diameter 
2r;. In the present analysis, it will be assumed 
that a=2r,, a=15°, and B=30°. 

Reference to Fig. 2 shows that if 7 is the radius 


of an arbitrary point in the region of the throat. 


and subtends an angle @, the following relations 
follow from trigonometry: 


r=(a+r,) —a | 
dr =a sinédé, 
x=a siné, 
dx =a cosédé. 
Hence 
dr =tanédx. J 


(8) 


In general, it is evident that 
dr =tandédx, (9) 
where 


tan in the converging section 

tan@ in the throat region where the 
nozzle contour is circular 

tana in the expanding section. 


tané= 


By combining Eqs. (4) and (9) and replacing 
dx by acoséd@, it is found that 


dTr 2a sin@ 


(10) 


According to de I|’Hospital’s rule, the limit of 
d0/dTpz as 0 approaches zero is determined by 


differentiating the numerator and denominator 


of Eq. (10) with respect to Tz and taking the 
limit as @ approaches zero of the resulting 
fraction. This procedure can be shown to lead 
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to the relation 


ij Tt 1 1 


11) 
(y—1) 8a 


where use has been made of Eq. (6). Since 
r:i(y+1)?/8a(y—1)? is positive and finite, it 
follows that 


lim(d0/dTp) 


must also be positive and finite. Therefore, 


dx dé 
lim—— =a lim—— 
-0dTp &-0dT p 


It is interesting to note that as a approaches 
zero and the nozzle contour approaches that 
formed by the intersection of two cones, the re- 
duced temperature gradient dT p/dx approaches 
infinity at the throat. 


IV. TIME SPENT BY AN ELEMENT OF GAS IN A 
GIVEN TEMPERATURE RANGE 


The time dt spent by an element of gas in the 
reduced temperature range dT, corresponding 
to the distance dx is dt=dx/v where dx is always 
positive along the path of flow. Thus 


dt/dTp=(1/v) (dx/dTp). (13) 


No correction has been made for the fact that 
the flow is not entirely parallel to the nozzle 
axis, since this correction is small for the chosen 
values of a and £.! Substituting Eqs. (3) and 
(10) with @ replaced in terms of x in Eq. (13) 
yields finally for the derivative of the residence 
time with respect to temperature 


dt r(M/2c,T2)' 
2 tané 


1 1 
x| (14) 
2(1—Tr)* (y—1)Tr(1—Tr)! 
The value of dt/dT at the nozzle throat is 


\ 
t 
t 
t 
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TaBLE I. Derivative of residence time with respect to 
temperature for two types of gases. 


(—dt/dT) X108 (sec./°K) for two gases 
Combustion gases 


Predominantly of nitric acid- 
helium aniline motor 
(y =1.67, (y =1.20, 
TR (°K) M =4 g/mol) M =27 g/mol) 
0.99 2970 149 143 
0.95 2850 7.94 14.2 
0.909} 2727 7.12¢ 
0.90 2700 6.18 
0.85 2550 1.98 4.15 
0.80 2400 1.25 4.65 
0.7507 2250 0.95¢ 5.73 
0.70 2100 0.90 6.97 
0.65 1950 0.85 8.56 
0.607tT 1821 10.377 
0.60 1800 0.75 — 
0.55 1650 0.95 — 
0.50 1500 L.i7 
0.40 1200 1.76 — 
0.302TT 906 2.83tt 


Denotes throat. 
Denotes exit. 


obtained from Eq. (14) by noting that 1—Tr, 
=(y—1)/(y+1). The result is 


Equations (14) and (15) have been used to 
calculate the derivative of the residence time 
with respect to temperature dt/dT for two types 
of gases. A calculation has been made for a 
gas consisting predominantly of helium where 
y=1.67 and M=4 g/mol, and another calcula- 
tion has been made for a typical gas composition 
encountered in a nitric acid-aniline combination 
where y=1.20 and M=27 g/mol. For both 
systems the following design parameters were 
assigned: a=15°, B=30°, T.=3000°K, 
=20, and r,=5 cm. The results of these calcula- 
tions are presented in Table I and shown 
graphically in Fig. 3. 

Reference to Fig. 3 shows that the minimum 
values of —dt/dT do not occur at the throat for 
a nozzle of the chosen contour but rather at the 
point of discontinuity in the expanding section 
of the nozzle where @=15°. 

Data on the derivative of the residence time 
with respect to temperature as a function of 
temperature of the type shown in Fig. 3 may be 
combined with known values for reaction rates 
to determine the extent of changes in concentra- 
tion which accompany flow through the nozzle. 
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In general, there is not enough information 
concerning reaction rates to allow more than 
qualitative estimates of the importance of 
changes of concentration resulting from chemical 
reaction occurring during flow through the nozzle 
at the high temperatures of interest in the present 
study. A useful method illustrating a procedure 
for calculating changes during flow through the 
nozzle is given in the following section for the 
decomposition of nitric oxide. 


V. DECOMPOSITION OF NITRIC OXIDE DURING 
FLOW THROUGH A ROCKET NOZZLE. 


The rate constant k,; for the decomposition of 
nitric oxide according to the reaction 


ky 
2NO2N2+02 


b 


(16) 


has been determined experimentally in the 
temperature range between 1500 and 2500°K 
under conditions approximating those existing 
in a rocket chamber and nozzle.” Although 
the reaction represented by Eq. (16) is probably 
not a homogeneous bimolecular gas reaction, the 
over-all process has been shown to be kinetically 
of second order.’ Daniels and co-workers 
have calculated the rate constant for the de- 
composition of nitric oxide using the theory of 
absolute reaction rates and making the assump- 
tion that the decomposition of nitric oxide is a 
homogeneous bimolecular reaction.’ The theo- 
retical relation was found to be in good agree- 
ment with the experimental results obtained in 
a nitrogen fixation furnace after proper adjust- 
ment of the frequency factor. Daniels’ rate 
constant will be employed in the following 
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TABLE II. Equilibrium concentrations of NO, N2, and 
Oz in the rocket nozzle of a representative nitric acid- 
aniline motor. 


T 
(°K) "NO "Ns NO» 


66 0.0610 3.75 0.0655 
85 0.0552 3.75 0.0684 
110 0.0494 3.76 0.0713 
148 0.0436 3.76 0.0742 


discussion in order to illustrate the method of 
application and also to predict approximately 
the approach to equilibrium of the NO decompo- 
sition reaction. Daniels’ value for k; is 


k;=1X10° 
atmos. sec... (17) 


If pro, PO2, and pNe represent the partial 
pressures of nitric oxide, oxygen, and nitrogen, 
respectively, which are present at any time 
during the expansion through the nozzle, then 
the rate of change of the partial pressure of 
nitric oxide with time resulting from chemical 
reaction is 


(18) 


where the rate constant for the back reaction k, 
has been replaced in terms of k; and the equi- 
librium constant K, is defined by the relation 


Ky = PN2p02/pno’. (19) 


Although Eq. (18) should be used whenever 
calculations are carried out under conditions 
corresponding to a close approach to thermo- 
dynamic equilibrium, a simplification is justified 
when significant departures from thermodynamic 
equilibrium occur and the reformation of nitric 
oxide from oxygen and nitrogen can be neglected. 
In this case, Eq. (18) may be replaced by the 


approximate relation 
(20) 


where Apno is the change in nitric oxide concen- 


tration which occurs in a temperature interval 
AT in which pyo, k;, and (—dt/dT) represent 
average values. It may be noted that the ratio 
Apno/pno evaluated in Eq. (20) is also equal to 
the fractional change in the number of moles of 
nitric oxide, The ratio 
however, changes only as a result of chemical 
reaction and therefore provides a direct measure 
of the composition change produced by chemical 
reaction. Because the reformation of nitric oxide 
has been neglected in Eq. (20), the calculated 
values of Anyo/fino provide an upper limit for 
the true value of the term Anyo/jino and can 
therefore be used for establishing a conservative 
temperature below which composition changes 
caused by chemical reaction are negligible. 

In a representative rocket motor using nitric 
acid and aniline as propellants, the number of 
moles of the various gases formed at equilibrium 
at a pressure of 20 atmos. and a temperature of 
3000°K are myo=0.0610, my, =3.75, and no, 
=0.0655, while the partial pressure of nitric 
oxide is pyo°=0.0610 atmos. The equilibrium 
compositions at several other temperatures are 
summarized in Table II. These values were 
computed by use of the equilibrium constants 
given by Giauque and Clayton.'* From the data 
listed in Table II it is possible to calculate the 
ratio (Amno/fino)equil. for 100°K temperature 
intervals if thermodynamic equilibrium is main- 
tained during expansion. The results of this 
calculation are contrasted in Table III with the 
actual changes produced by chemical reaction 
during flow, designated as 
which were evaluated from Eq. (20). The average 


TABLE III. Comparison between the kinetic and equilibrium values of Anno/fno. 


ky PNO 
(°K) (atmos.~! sec.~!) (atmos. ) 


(—dt/dT) X108 


(sec. °K) (AnNO/*NO)kinetic (4"NO/*NO)equil. 


3000-2900 6.62 X 108 0.0531 
2900-2800 4.27 X 108 0.0400 
2800-2700 2.76 X 108 0.0313 


52.6 0.01f 
14.2 0.0024 
8.1 0.0007 


0.0100 
0.0111 
0.0125 


} The use of Eq. (20) in this temperature interval yields a value exceeding 0.01 since 4 back reaction has been neglected and the approach 
to equilibrium is very close. This value, therefore, was estimated from the complete Eq. (18 


16 W. F. Giauque and J. O. Clayton, J. Am. Chem. Soc. 55, 4875 (1933). 
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value of the partial pressure of nitric oxide jyo 
was calculated by taking into account the adia- 
batic change of state and a correction term for 
the extent of the chemical reaction by means of 
the equation 


—Apyo?, (21) 


where Apyo? equals the reduction of partial 
pressure resulting from chemical reaction and T 
is the average temperature in the interval. 
Comparison of the last two columns of Table II 
shows that significant departures from equi- 
librium occur in the temperature interval be- 
tween 2900 and 2800°K and that the equilibrium 


2NO2N2+02 


is practically frozen below about 2800°K. 

A calculation similar to the one just described 
has also been carried out for a gas with y =1.67 
and M=4 g/mol using the same initial concen- 
trations of Ne, Oo, and NO. Again it was found 


that practically no composition changes occur 
below about 2800°K. This result is not surprising 
since the thermodynamic constants of a gas do 
not produce a significant change in the term 
(—dt/dT) or in the rate of decomposition of 
nitric oxide. Reference to Eq. (14) shows that 
the design parameters which affect some control 
over the composition changes are r and 6. In 
general, however, it is not practical to design a 
nozzle so as to give either constant-composition 
or equilibrium flow since design parameters r 
and 6 are of secondary importance when com- 
pared with the reaction rate constants. 

In conclusion, it should be emphasized that 
the present analysis is concerned only with the 
decomposition of nitric oxide according to Eq. 
(16). If gases are present which react chemically 
with nitric oxide, then the over-all composition 
change should be analyzed in terms of the 
composition changes associated with each of the 
individual reactions. 
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1. Isopropyl alcohol “‘induces’”’ the chromic acid oxidation of manganous salts to MnO». 


The limiting induction factor (ratio of moles of MnO: to moles of acetone formed) is one-half. 
2. In the presence of manganous ion the rate at which chromic acid is reduced by isopropyl 
alcohol is decreased; the maximum decrease in rate observed under a wide variety of experi- 


mental conditions is 50 percent. 


3. These facts, together with the previously determined reaction kinetics, demand the 
formation of an intermediate chromium compound in which chromium has the valence four 


or five. 


4. Within chemically reasonable limits, a// the reaction mechanisms involving such transitory 
intermediates have been examined. In the presence of manganous salts the only possible 


mechanism is 


HCrO,-+CH;CHOHCH;—Cr!+CH;COCH;, 


INTRODUCTION 


T has recently been shown! that, in the rate- 
controlling step of the chromic acid oxidation 


__1F. H. Westheimer and A. Novick, J. Chem. Phys. 11, 
506 (1943). 


In the absence of manganous salts several mechanisms (all of which are listed) are possible. 


of isopropyl alcohol to acetone, one molecule of 
the alcohol reacts with one acid chromate ion 
and two hydrogen ions. In the over-all reaction, 
isopropy] alcohol undergoes a two electron oxida- 
tion; it follows, therefore, that the rate-deter- 
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mining step must be either a reaction which 
produces a ketyl-free radical and a compound of 
pentavalent chromium, or a reaction which pro- 
duces acetone and a compound of tetravalent 
chromium.? A complete mechanism for the 
chromic acid oxidation of isopropyl alcohol 
should identify the valence states of the chromium 
intermediates actually involved, and specify the 
further reactions by which these transitory inter- 
mediates are converted into the final reaction 
products. A tool with which to investigate the 
details of the reaction in question is supplied by 
the observation! that the chromic acid oxidation 
of isopropyl alcohol “‘induces’’* the oxidation of 
manganous salts to manganese dioxide. 

Chromic acid in dilute acid solution, or in acid 
solution containing acetone and a chromic salt, 
does not oxidize Mn*+*+ to MnOs. The active 
reagent in the reaction induced by isopropyl 
alcohol must therefore be one of the already 


TABLE I. The induction factor: variation in 
Mn** concentration. 


Induction 


Conc. of MnSOu, 
factor 


mole/liter acid 


0.053 0.137 
0.106 0.141 
0.213 0.148 
0.331 0.153 
0.426 0.149 


Millieq. chromic Millieq. Mn*+t+ 
reduced oxidized (calc.) 


0.36 
0.40 
0.47 
0.50 
0.48 


postulated transitory compounds of tetravalent 
or pentavalent chromium. Furthermore, in the 
presence of manganous ion, the rate at which 
chromic acid is reduced is decreased by about 
fifty percent. In the present investigation, the 
induced oxidation of manganous salts to MnOz 
and the concurrent decrease in reaction rate 


(hereafter called “‘inhibition’”’) have been care- 
fully studied. The results thus obtained show 
that the reaction sequence in the presence of 
manganous salts is that represented by Eqs. 


(1)-(3). 


2 For other cases in which compounds of pentavalent or 
tetravalent chromium have been described or inferred, see 
R. F. Weinland and M. Fiederer, Ber. 39, 4042 (1906); 
C. Wagner and W. Preis, Zeits. f. anorg. allgem. Chemie 
168, 265 (1928); C. Wagner, ibid. 168, 279 (1928). 

3 For ~— examples of induced chromic acid oxidations 
see C. F. Schénbein, J. pract. Chem. 75, 108 (1858); F. 
a Ann. 119, 218 (1863); R. ee Zeits. anorg. 
f. allgem. x. ny 170, 387 (1928); E. H. Land and 
ibid. 170, 389 (1928). 


HCrO,-+ +A, 
Mnttt, (2) 
(3) 


(In these and subsequent equations, acetone is 
represented by A, isopropyl alcohol by H.A, the 
ketyl free radical by HA-, compounds of penta- 
valent and tetravalent chromium by Cr‘ and Cr+. 
Hydrogen ions are omitted wherever it is possible 
to do so without ambiguity.) 

In the absence of manganous ions, Eq. (1) 
represents the first stage of the reaction; no 
decision can as yet be made among several 
possibilities for subsequent stages. 


(1) 


THE INDUCTION FACTOR 


The oxidation of manganous salts to manganese 
dioxide by chromic acid alone is thermodynami- 
cally impossible* at PH>0O. Under these condi- 
tions the reverse reaction occurs slowly (see 
below). Since isopropyl alcohol induces the 


chromic acid oxidation of manganous salts, the 


stoichiometry of the reaction must be repre- 
sented by (4) or (5), or by a combination of 
(4) and (5). 


2H2A+2Cr°+ (4) 
(5) 


The ratio of the number of moles of MnOz pro- 
duced to the number of moles of alcohol oxidized 
is called the ‘induction factor’’ for the reaction 
in question ; the induction factor for reaction (4) 
is one-half, whereas that for (5) is two. Since 
experiment has shown that the induction factor 
is approximately one-half, Eq. (4) is stoichio- 
metrically correct. 

In every actual experiment, however, the value 
of the induction factor was found to be below 
0.5; in fact this latter value was obtained only 
as a limit which was approached asymptotically 
when the manganous ion concentration was high, 
and when other special precautions (see below) 
were observed. Asymptotic approach to a definite 
induction factor has been observed in other 
cases,* and was here to be anticipated for the 
following reasons: In the absence of manganous 
ion the transitory chromium intermediates are 


4W. M. Latimer, Oxidation Potentials (Prentice-Hall, 
Inc., New York, 1938). 
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somehow consumed (e.g., by reaction with iso- 
propyl alcohol). Consequently in the presence of 
manganous ion, isopropyl alcohol (or whatever 
it is with which the transitory compounds react) 
must compete for the transitory tetravalent or 
pentavalent chromium compounds. The man- 
ganous ion will compete successfully for the 
intermediate (and the stoichiometry will be that 
of Eq. (4)) only when the concentration of this 
ion is high; hence only under these conditions 
will the limiting value of the induction factor be 
attained. 

In the experiments here performed, measured 
amounts of isopropyl alcohol in dilute perchloric 
acid solution were allowed to react essentially to 
completion with excess chromic acid and man- 
ganous ion. Then the amount of precipitated 
MnO, and the amount of unreacted chromic acid 
were independently determined. Since under like 
conditions but in the absence of manganous ion 
the oxidation of isopropyl alcohol to acetone is 
quantitative,’ it was possible to compute the 
amount of manganous ion oxidized to MnO» 
from the amounts of chromic acid and alcohol 
consumed. Since the two methods led to the 
same result, both were employed. Table I gives 
the data and the induction factor obtained in a 
series of experiments in which the manganous ion 
concentration was varied and in which the other 
conditions were favorable to the formation of 
MnO. All the reaction mixtures had a total 
volume of 61 cc and were 0.0162 molar in chromic 
acid, 0.82 molar in perchloric acid, and 0.166 
molar in isopropyl! alcohol. 

Although it was never possible to obtain an 
induction factor greater than 0.5, many experi- 
ments led to lower values for this factor. These 
low values were obtained not only in those 
experiments where insufficient manganous ion 
was used, but also in many experiments where 
the concentration of this ion was high. Careful 
tests, however, revealed that the MnOz produced 
in the induced oxidations is not indefinitely 
stable; in the solutions in which it is formed it 
slowly oxidizes chromic salts to chromates and 
isopropyl alcohol to acetone. Reaction (3) be- 
tween Mnt+, Mn+++, and MnO, was also con- 
sidered ; it proved, however, to be unimportant 
compared to the reactions of MnO, with chromic 
salts and isopropyl alcohol. When the induced 
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Fic. 1. Set of 8 determinations of the rate constant for 
the oxidation of isopropyl alcohol by chromic acid. Initial 
initial (CH;CHOHCHs) =0.200M, initial 

CrO3) =0.0100M; (Mn**) shown in graph. 


oxidation was allowed to proceed to completion, 
good yields of MnO, could be obtained only when 
the amount of alcohol oxidized was small. Hence 
there is evidently a relatively narrow range of 
concentrations of isopropyl alcohol and man- 
ganous salts over which the limiting value of 
0.5 for the induction factor can actually be 
attained. (Some of the data leading to this con- 
clusion are presented in the experimental section.) 
Since, however, the only two limiting values of 
the induction factors in question are 2.0 and 
0.5, there can be no doubt that the latter is the 
correct one. 


THE INHIBITION 


It has already been noted that manganous ion 
decreases the rate at which chromic acid is 
reduced by isopropyl alcohol. This effect may 
easily be detected when solutions of manganous 
ion containing as little as 10-' mole/liter are 
used. The maximum effect (a diminution in rate 
of about 50 percent) is achieved when the con- 
centration of manganous ion is less than 0.01 
mole/liter. A typical series of experiments is 


TABLE II. Inhibition of the oxidation by Mn**. 


ka, (mole/ 
ka, (mole/ _liter)~3 min.~! 
liter)“ min.-! (Mn**)=0.01 Percent 
No Mn*tt mole/liter inhibition 


21.6 


Isopropyl 
alcohol, 
mole/liter 


Chromic acid, 
mole/liter 
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illustrated by Fig. 1. Here, with increasing con- 
centration of manganous ion, the rate constant 
asymptotically approaches a limit, which is 61 
percent of that obtained in the absence of 
manganous ion. The results obtained under 
widely differing experimental conditions are sum- 
marized in Table II. 

A 50 percent diminution of rate is quite clearly 
the limit which can be obtained even under 
special conditions, i.e., when high isopropyl 
alcohol and manganous ion concentrations and 
low chromic acid concentrations are employed. 
If the reaction mechanism later advanced were 
precisely correct, then it would always be possible 
at high manganous ion concentrations to obtain 
a 50 percent diminution of rate. The slight but 
real deviation of the experimental from the 
theoretical results is considered in a later section 
(Secondary Effects). 

At this point a word about rate constants is 
necessary. The statement (cf. Eq. (1)) that the 
effective oxidizing agent is the acid chromate ion, 
HCrO,-, is based on the application of a fourth- 
order kinetic equation,! (V), in which the value’ 
of 0.023 mole/liter is assigned to the equilibrium 
constant for the hydrolysis (Eq. (6)) of dichro- 
mate to acid chromate ions. 


(6) 


The appropriate kinetic equation, (V), had pre- 
viously been applied to results obtained at 40°; 
it applied equally well to those here obtained 
at 25° in the absence of manganous ion, or in 
the presence of either a very low (0.00001 mole/ 
liter) or a considerable (0.01 mole/liter) concen- 
tration of manganous ion. But for intermediate 
concentrations (around 0.001 mole/liter) the 
rate constants, calculated by the use of Eq. (J), 
tended to drift downward during the course of 
each experiment; after one-half life these con- 
stants were 10-20 percent below the initial 
values. 

These rather poor rate constants are somehow 
related to the precipitation of MnOz in the 
reaction mixtures. In the experiments where 
very little manganous ion is used no MnO: 
precipitates during the reaction. Since inhibition 
nevertheless occurs in these experiments, man- 


5 J. D. Neuss and W. Rieman, J. Am. Chem. Soc. 56, 
2238 (1934). 
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ganous ion must be oxidized and then regenerated. 
The manganic ions (or ions of tetravalent man- 
ganese) formed must be reduced, either by iso- 
propyl alcohol or chromic ion or both. In 
experiments where the manganous ion concen- 
tration is high, manganese dioxide is promptly 
precipitated. However, in experiments where 
intermediate concentrations of manganous salts 
are used, only later does MnO; precipitate. The 
precipitation of the MnO, occurs approximately 
where the rate constant diminishes; further, if 
from the very beginning of the experiment MnO2 
is suspended in the solution, the lower rate 
constant is obtained throughout. 

In order to be conservative, all the rate con- 
stants here reported are those which apply to 
the initial rate. If the average rate constant (or 
the rate constant obtained after MnO, had 
precipitated) had been used, the values of the 
calculated percent of inhibition would have been 
closer to 50 percent than those shown in Table II. 


DISCUSSION 


The experimental data just cited are consistent 
with the following reaction schemes: In the 
absence of manganous ion, the oxidation of 
isopropyl alcohol by chromic acid may occur by 
way of Eqs. (1) and (7)-(9). 


(1) 
(7) 
(8) 
Cr5+H,A-Crtt++A, (9) 


or by one of several other paths to be later out- 
lined. In the presence of manganous ion, the re- 
action occurs by way of Eqs. (1)—(3). 


HCrO,-+H.A—Cr!+A, (1) 
Mntt+-Crtt+++ Mntt*, (2) 
Mn*++4H*. (3) 


The stoichiometry of Eqs. (1)—(3) is consistent 
with a limiting value of 0.5 for the induction 
factor; the two sets of equations together ac- 
count for the fact that manganous ion cuts in 
half the rate at which chromic acid is consumed. 
This latter effect is explained as follows: In the 
reaction scheme represented by Eqs. (1) and 
(7)-(9), one acid chromate ion is consumed in 
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reaction (1) and each molecule or ion of tetra- 
valent chromium produced in (1) consumes (by 
way of reactions (7) and (8)) a second ion con- 
taining hexavalent chromium. On the other hand, 
if tetravalent chromium reacts with manganous 
ion instead of with hexavalent chromium (that 
is, if reaction (2) replaces reaction (7)), then the 
rate at which hexavalent chromium is consumed 
is cut in half. 

Although the mechanism just presented ac- 
counts satisfactorily for the observed induction 
and inhibition effects, there remains the question 
of whether this scheme is the only one which 
does so, or whether it is merely one of many 
satisfactory possibilities. Usually it is difficult, 
if not impossible, to show that any given kinetic 
mechanism is unique. In the present case, how- 
ever, the mechanism advanced for the reaction 
in the presence of manganous ion appears to be 
the only one falling within certain logically 
arbitrary but chemically reasonable limits re- 
ferred to below as assumptions (A)—(F); the 
mechanism advanced for the reaction in the 
absence of manganous ion is one of a clearly 
designated small set. In order to show that such 
is the fact, all possible mechanisms consistent 
with the above-mentioned limitations are con- 
sidered individually. 

The oxidation of isopropyl alcohol by chromic 
acid may involve any or all of the following 
chemical species : compounds of hexavalent, pen- 
tavalent, tetravalent, trivalent, or divalent chro- 
mium, isopropyl alcohol, the ketyl free radical, 
the OH free radical, and acetone. (The H* ion, 
although it takes part in the reaction, may here 
be left out of account.) The first assumption (A) 
is that, for each valence state of chromium, there 
is only one effective oxidizing or reducing species ; 
these are hereafter called Cr®, Cr®, Cr*, Cr’, 
and Cr’. 

Any step in the over-all oxidation must then 
be a reaction in which one or more of the nine 
substances just mentioned take part. The simplest 
steps would be bimolecular oxidation-reduction 
reactions; it is assumed (B) that only such re- 
actions need be considered. If each species is 
paired with itself and with each of the other 
eight, there are forty-five possible combinations. 
The members of some of these pairs (e.g., 
Cr>+CH;CHOHCH,, or Cr®+Cr®) are obviously 


stable toward one another, and some pairs are 
merely the products formed in more probable 
bimolecular reactions between members of the 
nine fundamental species. Elimination of pairs 
of the sorts just mentioned leads to a list of 
twenty-eight reactions; the list includes several 
cases where a given pair of reactants may react 
in two different ways to form two different sets 
of reaction products. The list may be further 
diminished by eliminating all reactions between 
two transitory intermediates (e.g., between a 
compound of tetravalent chromium and a ketyl 
free radical). Although this latter limitation 
seems drastic, it will later be shown to be equiva- 
lent to the reasonable assumption (C) that the 
transitory intermediates do not react prefer- 
entially with one another to the exclusion of their 
reaction with the stable species in solution. 

It has further been assumed (D) that the 
chromium compounds containing Cr* and Cr do 
not oxidize the solvent (water) ; except, perhaps, 
that tetravalent chromium may thus produce 
OH radicals. 


(10) 


The experiments later described show that two 
electron oxidations of the solvent do not occur. 
Such oxidations would produce hydrogen per- 
oxide. Even in the presence of isopropyl alcohol, 
this peroxide reacts with chromic acid to form 
perchromic acid which, under the experimental 
conditions here employed, decomposes® (see ex- 
perimental section) to yield chromic ion and 
oxygen. It follows that, if hydrogen peroxide 
were formed, some of the oxidizing power of the 
solution would be lost as oxygen, and the yield 
of acetone, based on the chromic acid consumed, 
would not be quantitative. Since this yield is in 
fact quantitative, it follows that no peroxide 
(or oxygen) is formed. Finally, the reaction 


(11) 


is eliminated because it is unlikely that the 
oxidation portential of the Cr®-Cr* couple is large 
enough to decompose water. 

A fifth assumption (£) is that the reactions to 
be listed go essentially to completion in the 
direction indicated. The twelve reactions con- 
sistent with the assumptions (A)—(Z) are listed 


®N. D. Podobed, Chem. Abs. 32, 25 (1938). 
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TABLE III. The mechanisms derived from the 
reactions of set (12). 
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(1) a,h 
(II) a,f,g,¢ 
(III) a, e, i, ¢ 


(IV) a,k,l, g,¢ 


7 
(V) 6 
7™N 
(VI) a,h 
NA 
(VII) a,f,g,4 


(VIII) a, e, i, d 


(XI) a,e,j 


(X) a,k,l,g,d 


-as set (12). 


(12e) 
(12f) 
(12g) 
Cr6+Cr*—2Cr5, (12h) 
(12i) 
Cr6+Cr’—2Cr', (12)) 
(12k) 
HO-+H,A—H,0+HA.. (121) 


In constructing mechanisms from these basic 
reactions, the following rules are applied: The 
total mechanism must account for the stoichi- 
ometry of the over-all reaction; the first (and 
rate-controlling) step must be either (12a) or 
(12b), since these alone are consistent with the 
known kinetics.. When these two rules are 
applied, fifteen different reaction schemes can be 
constructed from the twelve basic reactions of 
set (12). These mechanisms are collected in 
Table III; for brevity, the reactions are desig- 
nated by letter. That is, the reaction scheme 
previously presented as Eqs. (1) and (7)—(9) is 
here written as a, e, 7, c (mechanism II]). Since 
the reactions b, d, h, and j lead to the formation 
of two unstable reactive intermediates, these 
reactions cause “‘branching.’’ Whenever in Table 
III the arrows indicating branching do not lead 
to the symbol for any reaction of set (12), the 
mechanism is of the ‘‘chain branching”’ (auto- 
catalytic) type. 

Mechanisms VI—XV of Table III are of this 
chain-branching (autocatalytic) type. And, since 
the kinetics! of the over-all reaction show that 
it is not autocatalytic, these schemes must be 
discarded. Only mechanisms I—V remain. 

It is on the basis of this conclusion that the 
reasonableness of restriction C rests. By this 
restriction all reactions between transitory inter- 
mediates are disregarded. Consider the three 
species, X, Y, and Z, of which X and Y are 
unstable intermediates and Z is a stable molecu- 
lar species. If X reacts occasionally with Z and 
occasionally with Y, this latter chain-breaking 
step may serve to prevent autocatalysis of the 
simple-chain type, but cannot prevent auto- 
catalysis of the branched-chain type. Only if X 
reacts almost exclusively with Y does this chain- 
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breaking mechanism serve to prevent auto- 
catalysis of the branched chain type.’ The 
autocatalytic mechanisms listed in Table III 
are all of the branched-chain type. Since they 
have been ruled out (by the fact that the 
chromic acid oxidation of isopropanol is not 
autocatalytic), only the following two hypotheses 
are possible: 

(a) The unstable intermediates at least occa- 
sionally attack the stable molecular species. If 
such is the fact, then, since the over-all oxidation 
is not autocatalytic, only the mechanisms I-V 
listed in Table III are possible; and these would 
not be greatly modified by occasional reactions 
between two unstable intermediates (see Second- 
ary Effects). 

(b) The unstable intermediates react exclu- 
sively with one another. This behavior on their 
part would serve to prevent autocatalytic reac- 
tions of the branched-chain type such as VI-XV 
in Table III. But since these unstable inter- 

TaBLE IV. Non-chain mechanisms using the reactions 
fa “5 (12) and (13) and giving the stoichiometry of 


XVI_ (12a), (13¢), (13g) XxI 
(12a), (13d), (121), (12c) 
XVIII (12a), (12f), (12g), (13b) 
XIX (12a), (12e), (121), (13b) 
XX (12a); (12k), (121), (12g), (13b) 


(13e), (12c), (13g) 

XXII_ (13f), (12e), (121), (12¢) 
XXIII (13f), (12f), (ize), (12c) 
XXIV (13f), (12k), (121), (12g), (12¢) 


mediates are present only at very high dilution 
in the reaction mixture, it is extremely improb- 
able that they would behave in the manner 
indicated. For this reason, assumption C appears 
highly plausible. 

Before trying to decide among mechanisms 
I-V, it is necessary to consider the possible 
mechanisms for the induced oxidation of man- 
ganous ion to MnQsz. It seems unlikely (assump- 
tion F) that the ketyl-free radical or the OH- 
free radical can oxidize Mn++ to MnQO,:; the 
other possibilities are those of set (13). 


Cr’, 
Mn?+Cr*—Mn?+Cr', (13c) 
(13d) 
(Oxford. University; Press, London, 1958). Hl, Smyth, 


Atomic Energy for Military Purposes (Princeton University 
Press, 1945). 


(13a) 
(13b) 


(13f) 
2Mn*+2H20@Mn0O2+ Mn*++4H?*. (13g) 


(Reactions (13e) and (13f) are here listed even 
though they are not reactions of manganous ion 
with an unstable chromium intermediate; they 
are eliminated by the argument given below.) 

For the induced oxidation, the twelve reac- 
tions of set (12) and the seven of set (13) must 
be considered together. The conditions imposed 
on the system are the same as those previously 
used, except that the stoichiometry must corre- 
spond to Eq. (4), which implies an induction 
factor of one-half. Most of the conceivable 
mechanisms correspond to chain reactions. But 
no chain reaction (whether of the simple or of 
the branched-chain type) can be correct, since 
no such mechanism can account for the inhibition 
of the oxidation in the presence of .manganous 
ion. All of the non-chain mechanisms which fall 
within the limits already proposed are listed in 
Table IV. 

Mechanisms XXI—X XIV may be immediately 
eliminated, since they correspond to catalysis, 
not inhibition by manganous ion. Each of the 
mechanisms XVI-XX must be considered in 
combination with each of the mechanisms I—-V 
of Table III. The correct mechanism (or mecha- 
nisms) must account for the fact that the upper 
limit of the inhibitory effect of manganous ion 
corresponds to a diminution of about 50 percent 
in the rate of consumption of chromate. It is a 
fortunate fact that of the mechanisms involving 
manganous ion only one (XVI =(1), (2), and (3) 
on p. 3) will account for any inhibition at all; 
this mechanism, as earlier noted, accounts for an 
inhibition of exactly 50 percent. 

The choice of a mechanism for the induced 
oxidation facilitates the re-examination of the 
reaction schemes possible in the absence of 
manganous ion. Of these, I-IV begin with the 
same reaction (12a), which involves the forma- 
tion of tetravalent chromium. In mechanism V, 
however, the only chromium-containing inter- 
mediate which appears contains pentavalent 
chromium. Since, in the induced oxidation, man- 
ganous ion is oxidized by tetravalent chromium, 
the latter species must appear somewhere in the 
complete reaction scheme. Hence mechanism V 
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is eliminated and only mechanisms I-IV remain. 
These four mechanisms all start with the oxida- 
tion of isopropyl alcohol to acetone, accompanied 
by the reduction of acid chromate ion to a com- 
pound of tetravalent chromium; they differ as 
to the subsequent path by which the tetravalent 
chromium is reduced to chromic ion. 


SECONDARY EFFECTS 


In order to understand completely the mecha- 
nism of the oxidation of isopropyl alcohol by 
chromic acid, it is necessary to consider some of 
the slight but real variations in the rate constant, 
and to explain why the inhibition of the reaction 
by excess manganous ion is in some cases sig- 
nificantly less than fifty percent. These secondary 
effects can already be in part accounted for; in 
part they remain as subjects for future research. 

The rate constant in the presence of man- 
ganous ion is certainly satisfactory, since 100-fold 
variations in the initial chromic acid concentra- 
tion and 60-fold variations in the initial iso- 
propyl alcohol concentration do not cause the 
rate constant to deviate by more than 10 percent 
from the average. Although this deviation is 
greater than the experimental error, the con- 
stancy of k over such wide variations in the 
concentrations of reactants is gratifying. The 
slightly larger rate constants observed at iso- 
propyl alcohol concentrations of 1.25 mole/liter 


may be due to the fact that such high concentra-. 


tions of alcohol (about 70 grams/liter) may cause 
an appreciable change in the properties of the 
solvent. . 

On the other hand, in the absence of man- 
ganous salts, the largest and smallest rate con- 
stants hitherto determined differ from the average 
by almost +30 percent. This variation in the 
rate constant is the cause of the variation in 
the percent by which manganous salts inhibit 
the oxidation (see Table I]). The results show an 
unmistakable trend; the inhibition approaches 
50 percent when the isopropyl alcohol concen- 
tration is high and the chromic acid concentra- 
tion low. 

A possible explanation of the facts here ob- 
served is that the intermediate compounds of 
Cr‘ and Cr® disproportionate to a small extent. 
For example, the total rate at which chromic 
acid is consumed would be decreased by re- 
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action (14). 


(14) 


The rate of reaction (14) will be largest, relative 
to that of the normal reaction (e.g., mechanism 
III) when the isopropyl! alcohol concentration is 
low and the chromic acid concentration high; 
the rate of (14) will be negligible when the 
chromic acid concentration is low and that of 
alcohol high. This explanation of a secondary 
effect is advanced only tentatively as a possible 
explanation for the low percent of inhibition 
observed under certain experimental conditions. 
However, this suggestion in no way invalidates 
the previous assumption (C) concerning the be- 
havior of transitory intermediates. This assump- 
tion is only that transitory intermediates do not 
react with one another to the exclusion of their 
reactions with the stable species present. The 
tentative explanation here offered assumes only 
that transitory intermediates occasionally react 
with one another. 

The reaction scheme which applies in the 
absence of manganous ion cannot now be selected 
with certainty. One of the four possible mecha- 
nisms, (II) involves the ketyl-free radical. This 
mechanism is not necessarily the correct one, de- 
spite the theory, recently advanced by Waters,?® 
that chromic acid oxidations generally proceed 
by way of organic free radical intermediates. 
Waters showed that the chromic acid oxidation 
of many organic compounds is accompanied by 
the absorption of oxygen, and he stated correctly 
that many organic free radicals absorb oxygen. 
But many other compounds do so also. Further, 
it has been shown that the chromic acid oxida- 
tion of arsenious acid and of stannous salts is 
also accompanied by the reduction of oxygen.® 
Although these latter oxidations may proceed by 
way of transitory compounds involving, respec- 
tively, tetravalent arsenic and trivalent tin, it is 
possible (and with Cr? it is certain) that chro- 
mium compounds of valence other than six or 
three may also absorb oxygen. 

Nevertheless, it seemed desirable to determine 
the effect of oxygen upon the rate of the chromic 
acid oxidation of isopropyl alcohol in aqueous 
solution. Careful experiments showed this rate 

8 W. A. Waters, J. Chem. Soc. 1151 (1946). 


*R. Luther and T. F. Rutter, Zeits. anorg. f. allgem. 
Chemie 54, 1 (1907). 
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to be identical, within experimental error, under 

oxygen, under carbon dioxide, and in vacuum. 
Other aspects of the chromic acid oxidation of 

isopropyl alcohol have been treated elsewhere. 


EXPERIMENTAL 
Materials 


The chromic acid used was Mallinckrodt re- 
agent grade, purified by two recrystallizations 
from water; solutions of chromic acid were 
standardized iodometrically. Mallinckrodt re- 
agent grade 98 percent isopropyl alcohol was 
dried by refluxing over calcium oxide for 4 to 5 
hours, quickly distilled, and again refluxed over 
fresh calcium oxide. The material thus treated 
was fractionated through a five plate distilling 
column; the fraction boiling at 82.0-82.1°, 
np” =1.3775, was used in the experiments. 
Sodium perchlorate hydrate (G. F. Smith) was 
twice crystallized from water, dried, and weighed 
as the monohydrate. Manganous sulfate (General 
Chemical Company) was purified by crystalliza- 
tion from water slightly acidified with sulfuric 
acid ; the salt was then dried, and analyzed for its 
manganese content by the bismuthate method.” 
All weighings of the dried manganous sulfate 
were made on the basis of the material thus 
analyzed. Perchloric acid (Mallinckrodt reagent 
grade 70-72 percent) was diluted to the approxi- 
mate concentration required, and then standard- 
ized with carbonate-free base. In those experi- 
ments where MnO, was suspended in the reaction 
mixture before the start of the reaction, Merck 
reagent grade MnOz, washed several times with 
water, was used. 


Measurement of Induction Factor 


The procedure employed to measure the in- 
duction factor was to pipette the requisite 
amounts of chromic acid, perchloric acid, iso- 
propyl alcohol, and manganous sulfate solutions 
into an Erlenmeyer flask, and to allow the re- 
action to proceed undisturbed at room tempera- 
ture. After a time had elapsed sufficient for all 
the isopropyl alcohol to be completely oxidized, 

10 F, H. Westheimer and N. Nicolaides, in press. 


E, H. Archibald, The Preparation of Pure Inorganic 
+ aed (John Wiley and Sons, Inc., New York, 1932), 


p. 279, 

2W. F. Hillebrand and G. E. F. Lundell, Applied 
Inorganic Analysis (John Wiley and Sons, Inc., New York, 
1929), p. 343. 


TABLE V. Stability of MnOz precipitate. 


Millieq. 
isopropyl 
alcohol 
oxidized 
0.202 
0.202 
0.202 
0.202 
0.505 
0.505 
0.505 
0.505 


Millieq. 
Mntt 
oxidized 
(calc.) 
0.085 
0.085 
0.087 
0.075 
0.173 
0.140 
0.116 
0.102 


the MnO, precipitate was filtered out on an 
asbestos mat and analyzed. The amount of 
chromic acid reduced during the reaction was 
determined by an iodometric titration of the 
filtrate against standard thiosulfate. The direct 
analysis of the MnO; precipitate was carried out 
by washing the asbestos mat together with the 
MnO; precipitate into a flask, digesting with a 
known excess of standard oxalate, and back 
titrating with standard permanganate. The 
time required for the completion of the reaction 
varied from 40 hours to 80 hours, depending on 
the amounts of isopropyl alcohol oxidized. 

Some experiments were also carried out at 40°, 
but here the amounts of MnO, precipated were 
smaller and the induction factors found were 
uniformly lower than in the corresponding experi- 
ments carried out at room temperature. When 
the acidity was reduced by one-half, a solution 
containing 25 cc 1.009N HCI1O,, 25 cc 0.0999N 
H2CrO,, 10 cc 0.3M MnSO,, and 1 cc 1.009N 
isopropyl alcohol gave 0.39 for the induction 
factor, again a value smaller than the limiting 
value noted in Table I. 


TABLE VI. Induction factor. 


Millieq. Millieq. 
chromic 

acid idi oxidized 
reduced . (anal) 


Millieq. Millieq. 
++ 


Induction 


1.080 
1.039 
0.961 
0.896 
0.784 
0.676 
0.566 
0.430 
0.301 
0.153 


18 W. C. Pierce and E. L. Haenisch, 
(John Wiley and Sons, Inc., New York, 1940), p. 195. 


ntitative Analysis 


69 
Millieq. Millieq. 
chromic Mn* 
ive Time acid oxidized 
ism in hr. reduced (anal) 
ste 48 0.287 0.081 
P| 69 0.287 0.079 
gh ; 91 0.289 0.080 
the 139 0.277 0.066 . 
69 0.678 
of 91 0.645 0.144 
ary 139 0.621 0.110 
| 196 0.607 0.091 
ion 
ns. 
ites 
be- 
np- 
not 
1eir 
The 
nly 
act 
the 
ted 
ha- 
‘his 
de- 
eed 
tes. 
ion 
by 
tly 
‘en. 
1er, 
da- 
is 
by 
t is oxidized factor 
an 1.009 0.071 0.079 0.07 
0.909 0.130 0.126 0.14 
Or 0.808 0.153 0.146 0.19 
0.707 0.189 0.182 0.26 
F 0.606 0.178 0.174 0.29 
ine 0.505 0.171 0.177 0.34 
mic 0.404 0.163 0.164 0.40 
0.303 0.127 0.131 0.43 
ous 0.202 0.099 0.091 0.47 
ane 0.101 0.052 0.048 0.50 
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Stability of Precipitated Manganese Dioxide 


Precipitated MnOz was suspended in 1.0N 
perchloric acid which contained an excess of 
chromic nitrate, and the mixture was allowed to 
stand for several days at room temperature. At 
the end of that time, most of the MnO; had dis- 
appeared, and solution (which had initially been 
a clear green) had turned greenish-yellow. After 
the residual MnO, had been removed by filtra- 
tion, lead acetate solution was added to the 
filtrate, and a bright yellow precipitate of lead 
chromate was formed. Another sample of the 
filtrate, treated with H2O:, gave the blue color 
of perchromic acid. 

The stability of the MnO, precipitate formed 
in the induced oxidation was tested under various 
experimental conditions; some of the data ob- 
tained are shown in Table V. 

The values of the induction factor found under 
a variety of experimental conditions are pre- 
sented in Table VI. Low values for this factor 
are found under those experimental conditions 
where MnO. is unstable. 


RATE MEASUREMENTS 


The measurements were made at 25°+0.01° 
and an ionic strength of 0.600; the technique was 
that previously! used. In the calculation of the 
ionic strength, as well as in the computation of 
the rate constants, the acid chromate-dichromate 
equilibrium was taken into account ; the ‘‘concen- 
tration”’ equilibrium constant was estimated as 
0.015 mole/liter. The concentration of acid was 
computed as the sum of that of the chromic acid 
and that of the added perchloric acid. 

When MnO: precipitated in the reaction vessel, 
it was removed before the analyses by pipetting 
out samples through an attached tip packed with 
glass wool. Separate experiments were made to 
check the effect of acetone on the method of 
analysis, but the greatest amount of acetone 
likely to be formed in any of the experiments 
was found to be too small to affect the accuracy 
of the method. 

The experiments in which a possible oxygen 
effect was sought were made by carrying out the 
reactions in thermostatted Drexel flasks into 
which either carbon dioxide or oxygen was 
bubbled. In order to minimize loss of isopropyl 
alcohol by evaporation, a train of two Drexel 


flasks was set up for each experiment, and 
identical reactions were carried out in both 
flasks. Before the reactions were started, carbon 
dioxide (or oxygen) was bubbled through the 
flasks for an hour in order to remove dissolved 
oxygen (or to saturate the solutions with oxygen). 
The reaction was started in the usual manner, 
and the rate of reaction in the second flask of 
each train was followed. 

The experiments in vacuum were carried out 
in a closed H-shaped double flask, in which the 
cross-bar was attached by a ground glass joint 
to a vacuum line. One compartment of the double 
flask was filled with measured volumes of chromic 
acid and perchloric acid solutions; the other was 
filled with a solution of isopropyl alcohol and 
sodium perchlorate. These solutions were such 
that the desired concentration of all reactants 
would be obtained when the solutions were 
mixed. Each compartment was frozen with dry 
ice-acetone and degassed three times. The double 
flask was then sealed off the vacuum line at a 
pressure of about 10-5 mm of Hg, and thermo- 
statted for several hours. The reaction was 
started by mixing together the solutions in the 
two arms of the flask. After the reaction had 
proceeded somewhat more than 50 percent, the 
flask was opened and the contents analyzed. All 
the experimental errors involved in this pro- 
cedure (loss of water during degassing, distilling 
of isopropyl alcohol into the chromic acid com- 
partment) tend to raise the observed reaction 
rate. 


Effect of Hydrogen Peroxide 


Aqueous H,O2 was added to solutions of 
chromic acid, perchloric acid, and isopropyl 
alcohol similar to those used in the kinetic 
experiments already recorded. The appearance 
of the blue perchromic acid was instantaneous; 
the color rapidly faded with evolution of oxygen. 
The amount of chromate consumed in the process 
was followed by titration. The initial loss of 
oxidizing power as a result of the reaction with 
H.O2 was the same in the presence as in the 
absence of high concentrations (1.25 mole/liter) 
of isopropyl alcohol; the rate of decomposition 
of the perchromic acid was approximately the 
same in the presence as in the absence of iso- 
propyl alcohol. 
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Rate of Nucleation in Condensed Systems 


D. TuRNBULL* AND J. C. FIsSHER* 
General Electric Company, Schenectady, New York 


(Received June 28, 1948) 


On the basis of the nucleation theory developed by Volmer, Becker, and co-workers, and the 
theory of absolute reaction rates, an expression is derived for the absolute rate of nucleation in 


condensed systems. 


ECKER!' has proposed the following type of 

expression for the rate of nucleation in con- 

densed systems (i.e., liquid-solid or solid-solid 
transformations) 


r*= K exp[ — (AFi*+q)/kT ], (1) 


where AF;,* is the maximum free energy neces- 
sary for nucleus formation, g is the energy of 
activation for diffusion across the phase boundary 
(or within the solid solution when the transforma- 
tion involves the separation of a phase having a 
different composition), and K is an undetermined 
constant. Although Becker and D6ring? were able 
to evaluate semiquantitatively the factor corre- 
sponding to K for the rate of nucleation of a liquid 
from a supersaturated vapor, to the authors’ 
knowledge no theory has been proposed for 
nucleation in condensed systems from which K 
can be specified. 

It is the purpose of the present paper to derive 
an expression for r*, applying to condensed 
systems, on the basis of the theory of absolute 
reaction rates. 

Nucleation theory frequently leads to an ex- 
pression of the form 


AF =Ai!—Bi (2) 


for the local free energy change associated with 
the formation of a region of a new phase @ in a 
parent phase a. In this equation 7 is the number 
of atoms or molecules in the transformed region. 
A is proportional to the interfacial free energy 
per unit area of a-§-interface, and B is pro- 
portional to the bulk free energy difference be- 
tween 6 and a in the absence of surfaces. 

The curve of AF;/kT versus i passes through a 
we Associate, General Electric Research Labo- 

1 R Becker, Ann. Physik, 32, 128 (1938). 


(1938) Becker and W. Doéring, Ann. d. Physik [5] 24, 719 
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maximum AF;*/kT =4A3/27B? at i*=(2A/3B). 
then decreases without limit as shown in Fig. 1° 
Subcritical nuclei containing fewer than 7* atoms 
require free energy for further growth, while 
those containing more than 1* grow freely with 
decreasing free energy. Since nuclei generally 
grow one atom at a time as the result of statistical 
thermal fluctuations, it is evident that small 
nuclei with fewer than i* atoms will usually 
disappear without reaching critical size. Only 
occasionally will a long chain of favorable 
energy fluctuations produce a nucleus exceeding 
the critical size. 

The steady state rate of nucleation for a given 
transformation corresponds to constant equal 
net forward rates for the following set of reactions 


mai—Bm; 
Bm+ m+1, 
Bm+1+ m+2, (3) 
Bm+2 +a 1=Bm+3, 


where a represents an atom of phase a, 8; a 
nucleus of phase 8 containing 7 atoms, and where 
Bm is the smallest nucleus of phase 8. Further, the 
concentration of 6-nuclei must decrease to zero as 
the nucleus size increases, 
lim [6;]=0, (4) 
imo 
since otherwise the percentage of untransformed 
a will not differ from zero. 
Consider the reaction 


(5) 


at steady state. Referred to phase a as the 
standard state, the free energy of B;+a: is AF; 
while that of 8i4: is AFi,;:. Assuming that the 
intermediate configurations between 8;-+-a,; and 
Biz1 correspond to free energies greater than 
either AF; or AF;,1, each path by which 6; and 
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a, can be combined to give Bi: will have an 
intermediate configuration of maximum free 
energy. For one of these paths there will be a 
particular intermediate configuration correspond- 
ing to the least maximum free energy. This 
configuration may be called an activated com- 
plex. The free energy difference between the 
activated complex and the mean of AF; and AF i41 
will be denoted by Af*. 

Figure 2 indicates schematically the free energy 
variation associated with the combination of 8; 
and a; to give B+: (or the decomposition of Bi+1 
to give B;+ a) by a path having the least possible 
maximum free energy. If ; represents the steady 
state concentration of 8; nuclei, the rate of the 
forward reaction 


can be written as 
r+ exp(—Afi*/kT) (6) 


according to the theory of absolute reaction 
rates.* Here a;i! is the number of a-atoms in 
contact with each £; nucleus, and 7;a,1! is there- 
fore the concentration of a-atoms available for 
the reaction. (k7/h) exp(—Afi*/kT) is the 
specific reaction rate for the formation of the 


activated complex with free energy increment 


Afi* as shown in Fig. 2. 
The rate of the reverse reaction Bii::—8ita1 
can be written as 


where is the number of 8-atoms in contact 
with a per 6:41 nucleus. The net forward rate of 
the reaction is therefore 


r* =r+—r- = exp(—Afi*/kT) 
— exp(—Afe*/kT)]. (8) 


an 


Fic. 1. (AF;/KT) =Ai!— Bi versus i. 


3S. Glasstone, K. J. Laidler, and H. Eyring, The Theory 
(McGraw-Hill Book Company, Inc., New 


Equation (8) can be solved approximately for 
n; by making the following simplifications: 

(a) The number of a-atoms in contact with a 
8; nucleus is not strictly equal to the number of 
8 atoms in contact with a at the surface of a Bi+1 
nucleus. However, the difference is negligible for 
all but the smallest nuclei, and a1 =a2.=a will be 
assumed. 

(b) n; and AF; will be assumed smooth func- 
tions of i although they have meaning only for 
integral values of 7. The change in ; as 7 changes 
by one unit will be approximated by (dn;/di)Ai 
=dn;/di; similarly the change in AF; will be ap- 
proximated by d(AF;)/di. The approximation is 
good for all but the smallest nuclei. 

(3) The quantities (1/kT)d(AF;)/di and (1/n;) 
X(dn;/di) will both be assumed small in com- 
parison with unity. Again the approximation 
is poor only for the smallest nuclei. 

Noting that 


Afi* —AF; 
= 
=Af*+4d(AF;)/di, 
=Af* —4d(AF,)/di, 
r* = (—akT/h) exp(—Af*/kT) 
(9) 
Defining 


R=r / exp(—Af*/kT), (10) 


Eq. (9) reduces to the differential equation 
dn;/di+ (3Ai-?— B)n;= — (11) 
The solution to Eq. (11) is 
n;=exp[ — (Ai!— Bi) ] 


x|-R J exp(Ait— Bipi-tdi 
+nio | (12) 


$( OF; + 


CONFIGURATION 


Fic. 2. Schematic representation of free energy 
of activation. 
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where mio is the steady state number of Bio 
nuclei. 

The steady state concentration of subcritical 
nuclei containing say one-third the critical 
number of atoms does not differ appreciably from 
the equilibrium concentration assuming no 
nucleation. Taking 7)=7*/3, 


nio=n exp(—AFio/kT) =n exp[ — (Ato! — Biv) ], 
where 7 is the number of atoms of untransformed 


a. The expression for the steady state number of 
8; nuclei reduces to 


n;=exp(—AF;/kT) 
x|-R (13) 


Since 
lim exp(—AF;/kT) = ~, 
and it is required that 
lim 2;=0, 


it must follow that 


ime 


and hence that 
Rew ff f (15) 
to 


The exact location of the lower limit of 
integration in Eq. (15) is unimportant, since for 
io intermediate between zero and 1* practically 
all the contribution to the integral comes from 
values of z very near i*. Replacing AF;/kT by a 
Taylor’s expansion about i=i* and neglecting all 


lim |-R f (14) . 


terms after the third, the integral can be 
evaluated as 


(16) 
The steady state rate of nucleation is, therefore, 


r* 


xexp[—(Af*+AF*)/kT] (17) 


nuclei per second per mole of untransformed 
material, where n* is the number of surface atoms 
in the critical size nucleus. The quantity 
n*(A/9x)! proves to be within a factor of ten of 
unity for most nucleation problems of interest, 


giving 
r*=(NkRT/h) expl[—(Af*+AF*)/kT] (18) 


nuclei per mole per second to an order of mag- 
nitude. 

Equation (18) was derived for nucleation 
processes that do not require long-range diffusion. 
Af* is the free energy of activation for the short- 
range diffusion of atoms or molecules moving a 
fraction of an atomic distance across an interface 
to join a new lattice. However, long-range diffu- 
sion is to be expected in phase transformations 
that involve more than one component, since the 
new phase and the old are generally of different 
composition. Equation (18) approximates the 
rate of nucleation in a two or more component 
system when Af* is taken as the activation energy 
for diffusion of the most slowly moving com- 
ponent and when the expression is multiplied by 
the mole fraction of the precipitating component. 
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The Assignment of the Vibrational Spectra of the C, Hydrocarbons Butyne-1, 
Butene-1, and Vinyl Acetylene, to the Normal Modes of 
Vibration of These Molecules* 


N, SHEPPARD** 
Department of Physics, The Pennsylvania State College, State College, Pennsylvania 
(Received June 25, 1948) 


An attempt has been made to assign all the normal modes of vibration of the C, hydro- 
carbons butyne-1, butene-1, and vinyl acetylene, in terms of frequencies observed in the 
infra-red and Raman spectra. It has been found to be possible to do this in a satisfactory 
manner which takes into account the structural similarities of these and other hydrocarbon 
molecules. With the help of these assignments previous data on the frequency ranges charac- 
teristic of the various hydrogen deformation modes of the groups ethyl, vinyl, and —-C=CH 


can be extended to include all such modes. 


INTRODUCTION 


HE detailed assignment of the vibrational 
spectra of the smaller hydrocarbons, to- 
gether with the identification of the characteristic 
frequencies of particular structural groups in 
larger molecules, are two parallel methods which 
can be used to increase our understanding of the 
spectra of polyatomic hydrocarbons. The iso- 
lation and identification of characteristic fre- 
quencies in the infra-red and Raman spectra is 
in itself a method which can be applied with 
advantage as an aid to the complete analysis of 
the spectra of the smaller molecules. This has 
recently been shown in the case of m-butane,! and 
will be demonstrated again in the present com- 
munication. In recent years fairly complete 
assignments have been made for all the non-cyclic 
hydrocarbons of the C.?~> and C;%° classes, and 


* This research was carried out on Contract N6onr-269 
Task V of the Office of Naval Research. 

** Now at Department of Colloid Science, Cambridge 
University, Cambridge, England. 
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for the molecules n-butane,! isobutane,!*" iso- 
butene,’ cis- and trans-butene-2,’ butadiene 1-2,” 
butadiene 1-3,'* and dimethyl acetylene," of the 
C, class. Assignments of a lesser degree of com- 
pleteness have previously been made for the 
remaining well established C, hydrocarbons, and 
it is the purpose of this paper to bring up to 
date the work on these remaining molecules, 
with the exception of diacetylene (see reference 4, 
p. 323) for which further experimental work 
appears to be necessary. These three molecules, 


_viz., butyne-1, butene-1, and vinyl acetylene, 
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also form a convenient series for examination as 
each of the structural groups, ethyl, vinyl, and 
—C=CH, occurs in two of these molecules. An 
attempt will be made to assign specifically all 
the fundamental modes of vibration of these 
molecules in a manner which is consistent with 
the results on already reliably assigned molecules, 
and with the results of previous investigations on 
characteristic frequencies. 


A. THE EXPERIMENTAL DATA 


Experimental data on the infra-red and Raman 
spectra of all these molecules are now available. 
In the case of butyne-1 (ethyl acetylene) 
Cleveland, Murray, and Taufen" have published 


(1938) S. Pitzer and J. E. Kilpatrick, Chem. Rev. 6, 686 

11 N, Sheppard, J. Chem. Phys. 16, 690 (1948). 

22 G, J. Szasz, J. S. McCartney, and D. H. Rank, J. Am. 
Chem. Soc. 69, 3150 (1947). 

43 Aston, Szasz, Woolley, and Brickwedde, J. Chem. 
Phys. 14, 67 (1946). 

4B. L. Crawford, J. Chem. Phys. 7, 555 (1939). 

16 F, F. Cleveland, M. J. Murray, and H. J. Taufen, J- 
Chem. Phys. 10, 172 (1942). 
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the Raman spectrum together with the depolar- 
ization data for the lines. The infra-red spectrum 
has also been obtained recently. Wagman, 
Kilpatrick, Pitzer, and Rossini’’ have previously 
made ‘a semi-schematic assignment for this 
molecule. 

The Raman spectrum of butene-1 (ethyl ethyl- 
ene) has been independently determined by 


Kohlrausch and Stockmair,'* and Bourguel and - 


Piaux,’® and the infra-red spectrum has been 
published by Rasmussen and Brattain.” A fairly 
detailed assignment has been made by Aston, 
Szasz, Woolley, and Brickwedde," for the pur- 
pose of determining the contribution of the 
vibrational degrees of freedom to the thermo- 
dynamic properties of this molecule. This requires 
slight correction to bring it in line with data on 
the other molecules. 

The Raman spectrum of vinyl acetylene has 
been studied by Glockler and Davis, and Timm 
and Mecke,” and the infra-red spectrum has 
been obtained by Bartholomé and Karweil.” 
The most satisfactory previous assignment seems 
to be that of Kohlrausch,™ made on the basis of 
the Raman frequencies. 

There are possibilities of rotational isomerism 
in the case of the molecule butene-1. However, 
the number of lines in the infra-red and Raman 
spectra suggest that one form only is present in 
considerable quantity. It is probable that the 
energy difference between the two types of 
rotational isomer is greater than in the case of 
butane,! where several Raman frequencies caused 
by the higher energy form have been observed. 


16 American Petroleum Institute Research Project 44, at 
the National Bureau of Standards. Catalog of Infra-Red 
Spectrograms. Serial No. 13, contributed by the Philli 
Petroleum Company, Bartlesville, Oklahoma, and the 
University of Oklahoma Research Institute, Norman, 


Oklahoma. 
17—D. D. Wagman, J. E. Kilpatrick, K. S. Pitzer, and F. 
D. Rossini, J. Research Nat. Bur. Stand. 35, 467 (1945). 
18K. W. F. Kohlrausch and W. Stockmair, Zeits. f. 
physik. Chemie B29, 292 (1935). 
a 935). Bourguel and L. Piaux, Bull. Soc. Chem. Fr. 2, 1958 
20 R. S. Rasmussen and R. R. Brattain, J. Chem. Phys. 
15, 120 (1947). 
(1934) Glockler and H. M. Davis, J. Chem. Phys. 2, 881 
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442 (1937). 
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TABLE I. Collected experimental data on the vibrational 
spectra of butyne-1, butene-1, and vinyl acetylene. 


Butene-1 
Raman® Infra-red4 


3074 (4) 3075 
2970 


Butyne-1 
Raman* Infra-red> 


3305 (2) 0.6 3300 (8) 
2986 (5) 0.8 
2941 (8) 0.2 
2919 (7) 0.2 
2885 (5b) 0.4 
2851 (3) 0.4 
2118 (10) 0.5 
1459 (3b) 0.8 
1438 (4b) 0.8 
1375 (1) 

1314 (4) 0.6 
1252 (16) 0.6 
1068 (6) 0.3 
1023 (1) 


Vinyl acetylene 
Raman? Infra-red 


2900 (10) 
1600 (8) 
1410 (2) 


1245 (20) 


2120 


2850 (4) 
1450 (9) 1636 (7) 


1450 (2) 
1416 (3) 


1376 (0) 


1645 (9) 
1091 (2) 


1325 (8) D 
1250 (10) POR 
1070 (7) D 
1030 (3) Q 
005 (1) D 


1391 (1) 
1307 (3) 


928 (2) 
875 (3) 
678 (2b) 
629 (4b) 
538 (4) 


1005 (3) 0.6 1005 (1) 
910(3) PQR 
783 (3) PQR 
650 (6) 


1293 (5) 
1257 (2) 
1166 (0) 


615 (100) 


1182 (1) 535 (2) 
515 (2) 
1135 (1) 
1116 (1) 


1080 (4) 

993 (9) Pa 
912 (10) POR 
853 (1) PQR 


802 (1) 
788 (1) D 


840(7) 0.2 
784 (4) 

642 (3b) 0.7 
563 (3) 0.5 
509 (4) 0.5 
348 (5b) 0.7 
290 (1) p 
206 (8b) 0.7 


309 (4b) 
219 (4b) 
1068 (1) 


4 See reference 19. 
© See reference 21. 
{ See reference 23. 


See reference 15. 
b See reference 16. 
¢ See reference 18. 


In Table I are given the collected experimental 
data on vibrational spectra that have been used 
to make the assignments. In cases where several 
independent determinations of the spectra have 
been made, the values given are taken from the 
work of the authors of the most complete 
data, controversial frequencies being enclosed in 
brackets. The relative intensities of all the ob- 
served lines are given after the frequencies, and 
the degrees of depolarization or band contours of 
Raman or infra-red frequencies are given, when 
available, after the intensity values. PQR denotes 
an infra-red band with a marked Q branch, and 
D, a doublet contour. The designation } after 
the intensity value for a Raman line indicates a 
broad appearance to the line. Wherever possible, 
Table I is set out so that corresponding infra-red 
and Raman frequencies are opposite each other. 
The infra-red frequencies are estimated values 
taken from the center of each band contour. No 
frequencies greater than 3350 cm~ are included, 
nor are any in the region 2800-1700 cm", 
except for the obvious C=C stretching fre- 
quencies, as it is well known that these regions 
are otherwise free of fundamentals. 


949 
3102 (2) 
3012 (4) 
1288 (4) 
| 
1090 (4) 
1457 (9) 1058 (4) 
1412 (4) 950 (30) 
PQR 
1019 (2) 
, (980) (2) 
iso- 908 (2) 
12 850 (4) 
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TABLE II. An assignment of the fundamental vibration frequencies of butyne-1, butene-1, and vinyl acetylene. 


Frequency 


Frequency 


range ranges from 
previously Refer- Vinyl present 
Group Description of vibration assigned ences n-butanet Butyne-1 Butene-1 acetylene assignments 
CHssymn, stretching ca.2870cm-! 29 2880, (2880) 2885 2872 2890-2870 
CH: asymm. stretching ca. 2960 29 (2950), (2960), 2964, (2950) 2941,2986 2936, 2968 2990-2935 
CH2z symm. stretching ca. 2850 29 2860, (2860) 2851 2850 2860-2850 
Ethyl CH2 asymm. stretching ca. 2930 29 2934, (2934) (2925) (2936) 2940-2920 
CH; asymm. deformation 1470-1440 26 1455(2), 1466(2) 1459, 1438 1457, 1450 1470-1435 
CHs symm. deformation 1390-1360 26 §=©1370, 1390 1375 1391 1395-1365 
CH3:—CHe— CH: wagging (in-plane) 1200-900 1 1148, 1134 1005 1019 1150-1000 
CHs wagging (out-of-plane) 1200-900 1 959, 956 910 (910) 960-900 
CH: bending 1470-1440 11 1455, 1466 1450 1450 1470-1440 
CHe wagging 1340-1290 11 1304, 1297 1325 1307 1330-1290 
CHe twisting (1350-1100) 11 1244, (1250) 1252 1257 1260-1240 
CH: rocking 760-720 11 =751, (740) 785 788 790-740 


CHesymm. stretching ca. 2980 29 


2998 3012 3020-2990 


CHe asymm. stretching ca. 3080 29 3074 3102 3110-3070 
Vinyl CH stretching ca. 3020 29 (2998) (3012) (3020-2990 ) 
CH: bending (in-plane) 1430-1390 28 1416 1410 1440-1380 
. — bending 1320-1280 28 1293 1288 1300-1270 
in-plane 
CHe=CH— CHoerocking (in-plane) ? oo 1166 1090 1170-1090 
CH: wagging (out-of-plane) 920-900 28 912 935 940-900 
—CH =CH— wagging (out- ‘1010-980 28 993 950 1025-950 
of-plane) 
CH: torsion (out-of-plane) ? _ 623 678 680-600 
CH=C-— CH stretching ca. 3300 - 5,8 3305 3305 ca. 3305 
CH deformation 700-600 5, 8. 642, (605) 615,629 650-600 
C —C stretching 1200-800 27 1058, 970, 835 1068,840 1068,850 8:75 1100-830 
C=C stretching 1700-1600 26 1645 1600 1650-1590 
and stretching ca. 2050 26 2118 2099 2120-2090 
orsio’ 
modes «> ee (in- 432, (365) 509, 348 437, 320 538, 309 540-300 
plane 
mg deformation (out-of- <600cm-! 26 ? 206 282 219 (350)-200 
plane 
CHs torsion 200(?) ? 237 (?) (240-200) 


B. THE ASSIGNMENT OF FUNDAMENTALS 


Our final assignments for these three molecules 
are summarized in Table II together, for com- 
parison purposes, with that recently worked out 
for the n-butane molecule.1 When the same 
frequency has slightly different values in the 
infra-red and Raman spectra, the infra-red fre- 
quency of the molecule in the gaseous state is 
usually chosen. Exceptions occur in the region 
above 2000 cm-! where the resolution of the 
Raman spectra is usually superior, and in cases 
where it is difficult to estimate the precise center 
of an infra-red band contour. Detailed points 
with respect to the various assignments are dis- 
cussed below region by region. Table II is sub- 
divided into the frequencies of different molecu- 
lar groups so that closely related frequencies in 
different molecules can be easily compared. The 
third and fourth columns of this table give, 
respectively, the characteristic frequency ranges 
which have previously been assigned to the 
various modes of vibration, and the appropriate 
references." §11,25-28 Although all of these mole- 


25 See reference 4, p. 195, and discussions of individual 
hydrocarbon spectra. 


cules are asymmetric rotators and hence infra-red 
band contours are difficult to predict, the type C 
fundamentals of the planar molecules (see refer- 
ence 4, p. 469), i.e., change in electric moment 
perpendicular to the skeletal plane of the mole- 
cule, would be expected to have fairly marked Q 
branches. 


(a) The Region 3350-2800 


It is generally recognized that the CH stretch- 
ing modes of vibration occur in this region. Fox 
and Martin?* have systematized the assignment 
of frequencies in this region to the specific CH 
stretching modes, and their conclusions are sum- 
marized in Table II, column 3. In addition to 
the frequencies listed there, others occur close to 
2900 cm-', caused by overtones of the bending 
modes near 1450 cm—. The various assignments 
in this region shown in Table II have been made 
with these points in mind, and taking into 


26K. W. F. Kohlrausch and F. Képpl, Zeits. f. physik. 
Chemie B26, 209 (1934). 

27 N. Sheppard and G. B. B. M. Sutherland, Proc. Roy. 
Soc. (London) (to be published shortly). 

28 J. J. Fox and A. E. Martin, Proc. Roy. Soc. (London) 
A175, 208 (1940). 
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account the polarization data on the Raman lines 
they are fairly self-explanatory. When an in- 
sufficient number of lines have been observed 
schematic assignments have been made, and 
these values are enclosed in brackets. They are 
probably close to the correct values. 


(b) The Region 2900-1700 cm- 


The only fundamentals that can occur in this 
region are the C=C stretching modes. This 
frequency occurs at 2118 cm™ in butyne-1 and 
at 2099 cm“ in vinyl acetylene. The slight 
lowering of this frequency in the latter molecule 
is probably due to a weakening of the linkage 
caused by conjugation with the neighboring 
C=C linkage. 


(c) The Region 1700-1550 


The C=C stretching modes occur in this 
region and are to be identified with the fre- 
quencies at 1650 cm~ in butene-1, and 1600 cm— 
in vinyl acetylene. As in the case of the C=C 
frequency discussed above, the C=C stretching 
mode of the conjugated molecule has a lower 
frequency than in the case of butene-1. 


(d) The Region 1550-600 cm- 


This is the most difficult region to analyze 
because of the occurrence of all the various CH 
deformation modes as well as the skeletal stretch- 
ing vibrations of C—C linkages. The assignment 
of each molecule is discussed separately. 


Butyne-I1 


This molecule is effectively made up of an 
ethyl group and a —C=CH group. The latter 
will have only a few frequencies in this region, 
viz., two CH bending modes between 700 and 
600 cm and a strong overtone or combination 
frequency involving these modes between 1300 
and 1200 cm in the infra-red.5* The in-plane 
CH bending mode can be identified with the 
polarized Raman line at 642 cm—, and the infra- 
red frequency at ca. 650 cm=!. The expected 
strong infra-red line occurs at 1250 cm-, and 
from this we deduce 608 cm™ as an approximate 
value of the other CH bending mode. The re- 
mainder of the Raman lines and medium or 
strong infra-red lines in this region can probably 
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be attributed to fundamental modes of the ethyl 
group. If we make the assumption that the two 
strong and highly polarized lines at 1068 and 
840 cm~ in the Raman spectrum correspond to 
the two skeletal stretching modes, the rest of 
the observed frequencies can be assigned with 
fair confidence using the correlation rules of 
Table II. The only Raman frequency in this 
region which has not been assigned to a funda- 
mental is the weak line at 1023 cm. This 
probably corresponds to the overtone of the 
509-cm— frequency. The final assignment ap- 
pears to be very satisfactory and is in most cases 
in agreement with the correlation rules, and with 
the previous assignment for n-butane. 


Butene-1 


The assignment for this molecule is fairly 
easily arrived at, taking into account the fre- 
quencies of the ethyl group found for butyne-1, 
and the correlation rules for the vinyl group 
modes. Apart from being satisfactory on these 
grounds, it also accounts for all the Raman lines 
in this region, and all the infra-red bands except 
a few weak absorptions of intensity (1) or less. 
One of the CH; wagging modes has been assigned 
in a schematic fashion by analogy with the 
butyne-1 spectrum. Although derived from a 
more extensive knowledge of the spectra of 
related molecules as summarized in the charac- 
teristic frequencies of Table II, this assignment 
is in good agreement with the earlier results of 
Aston, Szasz, Woolley, and Brickwedde." 


Vinyl Acetylene 


The frequencies of the C=CH group in this 
region can once again be picked out with little 
difficulty (CH bending modes at 615 and 629 
cm~'). The remaining frequencies of the vinyl 
group can be assigned as shown in a straight- 
forward manner despite the fact that several of 
them are somewhat shifted from their usual posi- 
tions. Although the infra-red data of Bartholomé 
and Karweil® did not give the contours of the 
lines, those of the closely similar spectrum of 
vinyl cyanide*® help in the assignment of the 
out-of-plane modes of the vinyl group. 


29H. W. Thompson and P. Torkington, J. Chem. Soc. 
(London) 597 (1944). 
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(e) The Region below 600 cm 
Butyne-1 


In this region butyne-1 should have four 
fundamentals—three of them corresponding to 
bending modes of the carbon skeleton, and one 
to the methyl torsional mode. We have assigned 
the three strongest Raman lines (509, 348, and 
206 cm~') to the skeletal modes, and the fre- 
quencies at’ 563 and 290 may perhaps be 
the combination transitions 910-348 cm— and 
509-209 cm=. A possible alternative would be 
to assign the 563-, 509-, and 348-cm=— lines to 
the skeletal vibrations, and the 206-cm— line 
to the methyl torsion mode. Points against this 
latter assignment are that the methyl torsion 
mode is usually weak or non-observable in the 
Raman spectrum, and that it seems unlikely 
that both the in-plane (Raman, polarized) skeletal 
modes would be as high as 500 cm—. 


Butene-1 


This molecule should also have four low fre- 
quency modes of a similar type to those of 
butyne-1. We assign the lines at 437, 320, and 
282 cm to the skeletal modes, and that at 
237 to the methy1 torsional oscillation. The 
weak line at 533 cm can be explained as a 
difference band 853-320 cm, although it may 
possibly be an in-plane skeletal bending mode of 
another rotational isomer. 


Vinyl Acetylene 


In this case there are just three observed 
Raman lines corresponding to the three skeletal 
modes, and the assignment is thus straight- 
forward. 


C. DISCUSSION OF RESULTS 


The assignments given above for these C, 
hydrocarbons seem to be fairly satisfactory in 
that they explain all the strong infra-red and 
Raman frequencies of each molecule in a manner 
which is consistent with the assignments of 
corresponding frequencies in other structurally 
related hydrocarbons. Perhaps the most im- 
portant advance is the systematization of the 
frequencies in the region 1500-600 cm-. It is 
clear that despite the effect of different neighbor- 
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ing groups on the hydrogen deformation fre- 
quencies of the ethyl, vinyl, and C=CH struc- 
tural units, these maintain a closely parallel 
series of fundamental frequencies in the infra-red 
and Raman spectra. The most notable exceptions 
are the higher frequency in-plane methyl wagging 
mode of the ethyl group, and the CH, in-plane 
rocking mode of the vinyl group. The variability 
of these frequencies is almost certainly due to 
the fact that these are the two hydrogen deforma- 
tion modes which are closest to the frequencies 
associated with the C—C stretching modes for 
these molecules (1100-840 cm-'). They will inter- 
act strongly with these skeletal modes as all of 
these are in-plane frequencies. Other deformation 
modes are either further away from the C—C 
stretching frequency range, or are out-of-plane 
modes which cannot interact with them. 

The characteristic frequencies which were used 
as an aid in the assignments had been obtained 
from the spectra of closely related molecules. 
However, for such a characteristic frequency to 
be found consistently in the spectra of a series 
of molecules it must have some distinctive feature 
such as considerable strength in the infra-red or 
Raman spectrum. As a result, several frequencies 
cannot be found in this manner because of weak- 
ness in both types of spectra. Such cases are 
the CH: twisting mode of the ethyl group, the 
in-plane CH, rocking mode, and the torsional 
mode of the vinyl group. The detailed analysis 
of the spectra of these smaller molecules, how- 
ever, has enabled these frequencies to be identified 
in the regions 1260-1240 cm~, 1170-1090 cm“, 
and 680-600 cm~, respectively. These values, 
together with the regions of the spectrum corre- 
sponding to the various other modes of vibration, 
are summarized in the last column of Table II, 
and have been taken directly from the data of 
the preceding columns. These data are supple- 
mentary to the data already given earlier in the 


third column of the same table on the charac- . 


teristic frequencies of various modes, in that 
they are usually less precise in range. On the 
other hand, they are of wider application, and 
are probably fairly accurately obeyed in most 
hydrocarbon spectra. 

The assignments that we have made in the 
frequency region below 600 cm— are probably the 
least reliable because of the lack of infra-red data. 
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An assignment is given for all the fundamental modes of vibration of the ethyl mercaptan 
molecule from the observed vibrational spectra. By analogy the observed frequencies in the 
spectra of ethyl chloride, bromide, and iodide are also assigned to normal modes of vibration 


of these molecules. 


Evidence is presented that one of the deformation modes of the SH linkage in mercaptans 
has a characteristic frequency lying between the limits of 800 and 900 cm~!. This frequency is 


usually stronger in the Raman spectrum. 


N the course of an investigation of the infra-red 
spectra of an extensive series of organic mole- 
cules containing sulfur atoms, the infra-red spec- 
trum of ethyl mercaptan has been obtained. This 
is a fairly small molecule whose vibrational 
spectra do not appear to have been analyzed, and 
it was decided to attempt this with a view to the 
identification of the normal modes of the ethyl 
group, and the characterization of the SH de- 
formation frequency. 


EXPERIMENTAL 


The ethyl mercaptan used was a purified com- 
mercial sample (b.p. 36°C), contained in a gas 
cell with rocksalt windows. The infra-red spec- 
trometer was a Hilger D 208 double-beam instru- 
ment used under standard conditions as de- 
scribed previously.! An absorption curve was 
obtained in close agreement with that published 
recently by Trotter and Thompson ;? it is shown 
in Fig. 1. Our observed infra-red frequencies, to- 
gether with the most recent Raman data as given 
by Wagner*® and Kohlrausch,‘ are shown in 
Table I. 

Both the infra-red and Raman spectra of ethyl 
mercaptan and of the ethyl halides are shown 


* This research was carried out in part on Contract 
N6onr-269, Task V, of the Office of Naval Research. 

**Now at Department of Colloid Science, Cambridge 
University, Cambrid e, England. 

1540 inh and G. B. B. M. Sutherland, J. Chem. Soc. 
194g)” Trotter and H. W. Thompson, J. Chem. Soc. 481 
3 J. Wagner, Zeits. f. physik. Chemie B40, 439 (1938). 

‘K. W. F. Kohlrausch, “‘Ramanspektren,’”’ Hand—und 
Jahrbuch der Chemischen Physik (Akademische Verlags- 
gesellschaft, Leipzig, 1943), p. 239. 


schematically in Figs. 2 and 3. The infra-red data 
for these halides has been taken from the work of 
Cross and Daniels,’ and the Raman data from 
Wagner’s compilation.°® 


THE ASSIGNMENT OF THE ETHYL 
MERCAPTAN SPECTRA 


It is clear that the maximum symmetry that 
this molecule could have would be a single plane 
of symmetry (point group C,). This would occur 
if one of the CH bonds of the CH; group and the 
SH group were to lie in the plane defined by the 
carbon and sulfur atoms, or alternatively if both 
of these groups were in free rotation about the 
C—C and C-S bonds, respectively. The selec- 
tion rules for this symmetry group allow all the 
normal modes of vibration to be active in the 
infra-red and Raman spectra. 

Ethyl mercaptan has nine atoms and hence 21 


3500 2000 1500 
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Fic. 1. The infra-red spectrum of ethyl mercaptan. 


( : 33) C. Cross and F. Daniels, J. Chem. Phys. 12, 48 
1 
6 J. Wagner, Zeits. f. physik. Chemie B45, 69 (1939). 
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Fic. 2. The infra-red spectra of ethyl mercaptan and the 
ethyl! halides. 


normal modes of vibration. Of these, five will be 
C—H stretching modes which will occur in the 
region 2800-3050 cm-!, and can be identified 
with the unresolved infra-red absorption and the 
Raman lines that lie in this region. Another will 
be the SH stretching mode which is well known 
(see reference 4, pp. 210-211) to correspond to 
the Raman and infra-red frequency at approxi- 
mately 2575 cm. This leaves fifteen modes to be 
identified, and as there are no multiple bonds 
present these will all lie below 1500 cm—. We can 
further account for the two asymmetrical CH; 
deformation modes and the CH, bending mode, 
as these are well known’ to correspond to fre- 
- quencies in the region 1400-1470 cm—. They can 
almost certainly be identified with the infra-red 
absorption between 1430 and 1480 cm~, which 
centers at 1453 cm, and the broad Raman line 
centered at 1448 cm~. Thus we are left with 
twelve modes which should have frequencies 
below 1400 cm—. Two of these correspond to 
restricted rotations or torsional oscillations of the 
CH; and SH groups, and the remainder to 
stretching and deformation vibrations of the 
molecule. These modes of vibration can be de- 
scribed approximately in terms of group mo- 
tions as follows: three CH». deformation modes 
(wagging, rocking, and twisting),* one CH; sym- 
metrical deformation vibration, two CH; wagging 
modes (in and out of the CCS plane), one SH 
deformation mode, one C—C stretching mode, 
one C—S stretching mode, and one CCS skeletal 
bending mode. To correlate with these, we have 
ten frequencies which are probably fundamentals, 
viz., 1385, 1269, 1097, 1049, 978, 870, 838, 745, 
660, 332 cm~'. Where frequencies have been 
detected in both the Raman and infra-red spectra, 
the latter frequencies have usually been chosen, 

7G. Herzberg, Infra-Red and Raman Spectra (D. Van 


Nostrand Company, Inc., New York, 1945), p. 195. 
8 N. Sheppard, J. Chem. Phys. 16, 690 (1948). 


as they correspond to measurements in the gase- 
ous phase. 

The Raman line at 332 cm™ is certainly the 
skeletal bending mode in view of its low value, 
and that at 660 cm is well known to be the C—S 
stretching mode (see Kohlrausch’s* ‘‘Raman- 
spektren,”’ p. 235). In addition, the strong line 
near 975 cm in both the infra-red and Raman 
spectra is almost certainly the C—C stretching 
mode. This latter assignment is made on account 
of the magnitude of this frequency and its 
strength in the Raman spectrum. We have shown 
earlier that the CHe wagging and rocking modes 
in hydrocarbon molecules occur near 1300 and 
750 cm=", respectively,* and on these grounds the 


TABLE I. The observed frequencies in the infra-red and 
Raman spectra of ethyl mercaptan. 


Infra-red 
frequency 


Raman 
frequency® 


2966 Strong 
2800-3050 Strong 2930 Strong 
Strong 
2730 V. weak —_ 
2580 Weak V. strong 
1453 Strong Strong 
1385 Strong Weak 
1269 Strong Medium 
Medium Medium 
Medium 
Strong 


Strength Strength 


Medium 
Medium Weak 

Weak 
Weak Weak 


Strong V. strong 
Not investigated Weak 
Strong 


® See references 3 and 4. 
b See reference 2. 


frequencies at 1269 and 745 cm can very 
probably be assigned to these modes. The shifts 
of these frequencies from their normal positions 
in hydrocarbon molecules are very reasonable in 
view of the position of the CH: group next to the 
sulfur atom. Evidence will be presented below 
that the S—H deformation mode is to be 
identified with the Raman line at 838 cm—, and 
by analogy with many hydrocarbon molecules 
the frequency near 1385 cm~ can be attributed to 
the symmetrical CH; deformation vibration. We 
are thus left with three frequencies at 1097, 1049, 
and 870 cm~ to be assigned to the remaining CH: 
twisting and CH; wagging modes. Of these fre- 
quencies, the first and last are strong in the infra- 
red spectrum, and the middle line occurs only in 
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the Raman spectrum. In view of the fact that 
methyl wagging modes in other sulfur-containing 
molecules (e.g., methyl mercaptan® and dimethyl 
sulfide)'® are strong in the infra-red spectrum, we 
tentatively assign the frequencies at 1097 and 870 
cm to the in-plane and out-of-plane CH; 
wagging modes, respectively, and hence the 1049- 
cm™ line is probably the CH: twisting vibration. 
In support of the above assignment of the methyl 
wagging modes, is the fact that a similar in-plane 
wagging mode in the more symmetrical propane 
molecule has been identified at 1152 cm~ in the 
infra-red spectrum, on the basis of band contour 
data." Unfortunately, ethyl mercaptan is a very 
unsymmetrical molecule, and it is more difficult 
to predict the band contours in this case. How- 
ever the 870-cm~ infra-red line has a complex 
structure (see Fig. 1) which may arise from the 
multiple Q branches of a perpendicular band in 
agreement with the above assignment. 

There appears to have been no polarization 
data published on the Raman spectrum of ethyl 
mercaptan, but such data have been publish -d 
for the very closely related spectrum of ethyl 
chloride (see Fig. 3). In this spectrum lines at 
335, 656, 968, and 1071 cm™ are appreciably 
polarized, and it is probably a fair extension to 
expect that accordingly the corresponding Raman 
lines at 332, 657, 968, 1092 cm in the ethyl 
mercaptan spectrum have similar qualitative 
polarizations. The assignment described above 
for the ethyl mercaptan molecule was originally 
made without the help of these data, but it can be 
seen to be in accordance with them, as all these 
frequencies have been assigned to modes of vibra- 
tion symmetrical with respect to the CCS plane. 
The wagging motion of the CHe group is also 
symmetrical with respect to this plane and occurs 
at 1265 cm in the Raman spectrum of ethyl 
mercaptan and at 1281 and 1248 cm-, re- 
spectively, in the Raman spectra of ethyl chloride 
and bromide. This line in the ethyl bromide 
spectrum is also polarized in accordance with the 
assignment. 

The only modes of motion which have so far 
not been spectroscopically identified in the ethyl 


*H. W. Thompson and N. P. Skerrett, Trans. Faraday 
Soc. 36, 812 (1940). 
10H. W. Thompson, Trans. Faraday Soc. 37, 38 (1941). 


1 V. L. Wu and E. F. Barker, J. Chem. Phys. 9, 487 
(1941). 
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mercaptan spectra are then the CH; and SH 
restricted rotations. However, it appears to be 
true that such modes are, in general, difficult to 
detect in these spectra. There is a weak line at 
440 cm~' which has not so far been assigned, but 
in view of its occurrence in the ethyl chloride 
spectrum also at 439 cm™ it cannot be assigned 
to the SH torsional mode. It is possible that it 
may correspond to the methy!] restricted rotation, 
but this appears to be a high value for such a 
mode. On the other hand, it can, like the other 
weak unassigned lines, be explained as a difference 
frequency. 


THE IDENTIFICATION OF THE SH 
DEFORMATION FREQUENCY 


The only previous assignment of an SH de- 
formation frequency in mercaptan molecules 
seems to have been given in the analysis of the 
vibrational spectra of methyl mércaptan by 
Thompson and Skerrett.® A line at 805 cm~ in the 
Raman spectrum of this molecule was identified 
as the SH deformation mode. An obvious first 
approach to the identification of the correspond- 
ing mode in the case of ethyl mercaptan was to 
look for a line near to the above frequency in the 
spectrum of this molecule, and which was not 
present in the very similar spectrum of ethyl 
chloride. Two lines at 838 and 870 cm= seemed 
to fulfil this condition. However, the fact that the 
latter occurred strongly in the infra-red spectrum 
also, whereas the former did not, suggested (by 
analogy with a similar behavior in the methyl 
mercaptan case) that the line at 838 cm~ might 
be associated with this mode. 

In view of the strong similarity between the 
Raman spectra of the methyl and ethyl mer- 
captans and chlorides, a comparison was likewise 
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Fic. 3. The Raman spectra of ethyl mercaptan and the 
ethyl halides. 
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Fic. 4. The Raman spectra of the methyl, ethyl, iso- 
propyl, and tertiary butyl mercaptans and chlorides. The 
circled lines are those assigned to the SH deformation 


frequency. 


MERCAPTAN 


made between the Raman spectra of isopropyl 
and tertiary butyl mercaptans and chlorides (see 
reference 4, p. 240 et seq.) with a view to the 
picking out of extra lines in the mercaptan spectra 
that might correspond to SH frequencies. In 
Fig. 4 the Raman spectra of these various com- 
pounds are compared, and it can be seen that 
extra lines occur in the isopropyl and tertiary 
butyl mercaptan spectra at 856 and 866 cm". 
These, together with the 805- and 838-cm™ lines 
in the methyl and ethyl mercaptan spectra, are 
ringed in the figure and form a convincing series 
for assignment to the SH deformation mode. It 
is, of course, possible that in comparing the 
spectra of the chlorides and mercaptans extra 
lines should appear in the latter which are not 
caused by the extra SH group. However, it seems 
unlikely that an extra line should occur in ap- 
proximately the same region with four structur- 
ally very different molecules if it were not due to 
this cause. We can conclude, therefore, that the 
deformation SH mode is to be expected to occur 
between the limits of 800 and 900 cm™ in the 
Raman spectra of mercaptans. If it can be de- 
tected in the infra-red spectra it will probably be 
weak. 

THE ASSIGNMENT OF THE SPECTRA OF THE 

OTHER ETHYL DERIVATIVES 

The similarity between the Raman spectra of 
ethyl mercaptan and ethyl] chloride has already 
been mentioned, and this extends to some extent 
also to the infra-red spectra. Thus many of the 
frequencies in the spectra of the chloride can be 


identified immediately by a direct comparison of 
the spectra, and the results of this are shown in 


_ Table II. There seems to be little doubt about the 


assignment of the frequencies in the case of the 
chloride except for the out-of-plane CH; wagging 
and CH, twisting modes. The former was strong 
in the infra-red spectrum of the mercaptan, but 
there is no corresponding absorption in the 
chloride spectrum and it seems likely that it may 
have shifted in position and has been lost in the 
strong absorption between 990 and 960 cm“ 
caused by the C—C stretching mode. Clearly, no 
precise value can be given for this frequency, 
although a value near 960 cm™ is suggested by 
the above reasoning. In the case of the CH: 
twisting mode there is no Raman line corre- 
sponding to the ethyl mercaptan frequency, but 
this has been tentatively assigned a value of 1030 
cm corresponding to an unidentified region of 
weak absorption stretching from 1000 to 1075 
cm in the infra-red spectrum of the chloride. 
The spectra of ethyl bromide and ethyl iodide 
are also, on the whole, easily assigned by analogy 
with the ethyl chloride case. In carrying this out 
it has been assumed that changes in frequency 
will probably occur in progression in passing 
along the sequence chloride—bromide—iodide. 
As in the case of the chloride molecule, assign- 
ments for one of the CH; wagging and the CH, 
twisting vibration are more doubtful in all these 
molecules and have been made schematically by 
reference to the completely assigned mercaptan 
spectrum, but otherwise the spectra seem to be 
satisfactorily explained. The most recent at- 
tempted assignments of these molecules seem to 


TABLE II. The assignment of the fundamental frequencies 
of ethyl mercaptan and the ethyl halides. 


CoHsSH C2H;sCl CsHsBr C2Hsl 
2966 (2) 2966 (2) 2980, 2960 2965 (2) 
2870 2877 pony 2859 


stretching 


CHe stretching 


2866 
CH; asymmetrical deformation 1440 (2) 
CH3 symmetrical deformation 1385 
CH: wagging (in-plane) 1 1069 
CH: wagging (out-of-plane) (960) (960) 
CHe bending 1440 
CHe wagging 1255 
CHe twisting 1027 (?) 
CH: rocking 770 
C —C stretching 968 960 
Cc stretching 560 

Cc X bending 
X stretching 
X —H deformation 
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have been made by Wagner,® and the present 
ones are in good agreement with his work, and in 
all cases extend his conclusions. Attempts have 
been made to deduce complete schematic assign- 
ments for the ethyl chloride molecule by Linnett" 
and Pitzer.'* Our present results differ somewhat 
2]. W. Linnett, Trans. Faraday Soc. 36, 527 (1940). 


13 J. Gordon and W. F. Giauque, J. Am. Chem. Soc. 70, 
1506 (1948). 


from the results of these authors in the assign- 
ment of non-observed frequencies. 


ACKNOWLEDGMENTS 


The author would like to thank the Master and 
Fellows of St. Catharine’s College, Cambridge, 
and the Dunlop Rubber Company Ltd., England, 
for financial aid during part of this investigation. 


THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 17, NUMBER 1 


JANUARY, 1949 


Raman Spectra of Polycrystalline Hydrocarbons at Low Temperatures. 
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Making use of the low pressure, water-cooled Hg arcs as the source of nearly monochromatic 
radiation, a simple method was developed for the investigation of the Raman spectra of 


polycrystalline solids. The method was applied to the study of the first four normal paraffins. 
The Raman spectra of the solids between 600-1500 cm are compared with those in the liquid 
phase. All these spectra undergo a marked simplification on solidification due to the disappear- 
ance of all but one of the rotational isomers. This process is shown to be discontinuous at the 


melting point. 


N the first paper! of this series we have calcu- 

lated the energy difference of the rotationai 
isomers of n-butane by measuring the relative 
intensity of “line pairs” as a function of tem- 
perature in the liquid range. Numerous con- 
siderations make it desirable to extend the 
investigation of the spectra of rotational isomers 
to the solid phase. 

During the war work was done in Japan** on 
the Raman spectra of some hydrocarbons in the 
solid phase. These Japanese workers have re- 
ported that certain lines in the spectra disappear 


* This research was carried out on contract N6onr-269, 
Task V of the Office of Naval Research. 


1G. J. Szasz, N. Sheppard, and D. H. Rank, J. Chem. 
Phys. 16, 704 (1948). 

** T. Shimanouchi and S. Midzushima, J. Chem. Soc. 
(Japan) 63, 1215 (1942); Chem. Abs. 41, 3332 (1947); Sci. 
Pap. Inst. Phys. Chem. Research (Tokyo) 40, 467 (1943), 
Chem. Abs. 41, 6089 (1947); M. Takeda, J. Chem. Soc. 


Japan 62, 896 (1941); Chem. Abs. 41, 5390 (1947); H. 

Okazaki, J. Chem. Soc. Japan 63, 1136 (1942); Chem. Abs. 

41, 3740 (1947). Unfortunately, the complete papers have 
n inaccessible to us so far. 


in the solid phase. In the light of this work and 
our observed behavior of line intensity ratios as 
a function temperature,! it would seem to be of 
importance to investigate whether the intensity 
ratio of “line pairs’’ varies continuously or not 
when one proceeds from the liquid to the solid 
phase. 

It is relatively easy to obtain the Raman 
spectra of solids if they can be prepared as 
homogeneous glasses or single crystals. The 
preparation of solid hydrocarbons in an optically 
homogeneous state can and has been accom- 
plished by a number of investigators. However, 
preparation of such solid samples will require 
practically a special investigation for production 
of satisfactory solids for each molecule studied. 

Crystal powder methods of obtaining Raman 
spectra have been brought to a state of more or 
less perfection by Kohlrausch? and his co- 
workers. More recently Cabannes* and his col- 


2K. W. F. Kohlrausch, Ramanspektren (Akad. Verlag., 
Leipzig, 1943), p. 49. 

’J. Cabannes, R. Lennuier, and M. Harraud, Comptes 
Rendus 223, 301 (1946). 
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Fic. 1. Plot of the relative weakening of continuum com- 
pared to the exciting line vs. wave-length. 


laborators have developed a crystal powder 
method which is elegant in principle. The method 
of Kohlrausch is very complicated both in 
arrangement of the optical system and in adjust- 
ment thereof. Cabannes’ method makes use of a 
monochromator to illuminate the sample and 
the spectra produced are very feeble. Neither 
of the two methods of obtaining crystal powder 
spectra mentioned above seem to lend them- 
selves easily to work at low temperatures. 

The problem of obtaining Raman spectra of 
crystal powders essentially resolves itself to 
producing the excitation by means of sufficiently 
monochromatic light. The crystal powder will 
diffusely reflect a much greater percentage of 
the incident light than will be scattered by the 
individual molecules. The relative intensity of 
the continuum in a spectrum compared to the 
intensity of an ideal monochromatic line will 
vary inversely as the true resolving power of 
the spectrograph. In the case of Raman spectra, 
however, it is not possible to greatly weaken the 
continuum relative to the Raman line by simply 


Fic. 2. The experimental arrangement used to obtain 
Raman spectra of polycrystalline solids. 
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Fic. 3. Schematic representation of the Raman spectra of 
n-paraffins in the liquid (Z) and solid (S) phases. 


increasing the resolving power of the spectro- 
graph, since the Raman lines in general have 
considerable breadth. 

A great deal of the work recorded in the litera- 
ture on Raman spectra has been done, making 
use of relatively high pressure mercury arcs as 
light sources. It has been shown‘ that in the low 
pressure Hg arc the continuous spectrum is only 
about 75 as strong as in the moderately high 
pressure sources. In addition it is possible to 
reduce the continuous spectrum on the long wave 
side of 44358 very materially by means of a 
praseodymium ammonium nitrate filter. Figure 1 
shows a plot of L/C as a function of wave-length 
for the praseodymium filter which we have used 
in this work. L is the fractional part of incident 
light of wave-length \4358 transmitted by the 
filter and C is the transmission of the filter for 
wave-length \. This curve shows the relative 
weakening of the continuum compared to the 
exciting line. From inspection of Fig. 1 it can be 
seen that the relative intensity of the continuous 
spectrum of the Hg arc can be reduced by more 
than an order of magnitude over most of the 
region from 4400 to \4700A by means of this 
filter. 

A schematic diagram of the apparatus we have 
used to obtain the Raman spectra of polycrystal- 
line hydrocarbons at low temperatures is shown 
in Fig. 2. The sample tube S is placed in the 
Dewar flask which is painted black, except for 
entrance windows for the incident light marked 
W in the figure. The light scattered and diffusely 
reflected from the polycrystalline solid passes out 
through the aperture D and is reflected into the 


4D. H. Rank and J. S. McCartney, J. Opt. Soc. Am. 38, 
279 (1948). 
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spectrograph by means of the mirror M. H and 

H’ are low pressure water-cooled Hg arcs similar 
to those described previously. G and G’ are 
cylindrical lenses containing sodium nitrite solu- 
tion to suppress the short wave part of the Hg 
spectrum and P and P’ are cells which hold the 
praseodymium ammonium nitrate filter solution. 
The thickness of the cells was 12 mm and they 
contained a solution of 50 percent by weight of 
crude praseodymium ammonium nitrate in water. 
(Specific gravity ca. 1.50.) The crude salt was 
obtained from the Lindsay Light and Chemical 
Company, West Chicago, Illinois. 

The spectrograph employed in this work was a 
3-prism glass instrument equipped with an f:3.5 
objective lens. The dispersion of the instrument 
was about 30A per mm at 44500. The objective 
produces very sharply defined images which 
allows the slit width to be kept to a minimum 
value consistent with the natural breadth of the 
Raman lines. In order to avoid halation as much 
as possible, the plates were backed with Eastman 
“opaque.”’ The 4358 line was prevented from 
falling on the plate by being absorbed by means 
of a diaphragm placed in front of the plate. 
Even though the direct image of this line could 
not fall on the plate the intensity of this line is 
so great that light of this wave-length produces 
an ill-defined image in the neighborhood of the 
line position as the result of scattering in the 
various parts of the spectrograph. For this 
reason it was not possible to observe any lines 
in the solid spectra when the frequency shift was 
less than 600 cm-'. 

By filling the Dewar shown in Fig. 2 with 
liquid air, the sample could be frozen into a 
polycrystalline mass and the spectrum photo- 
graphed in the manner described above. Suitable 
plates of the crystal powder spectra could be 
obtained in four to five hours’ exposures. It was 
possible to obtain spectra of the liquid hydro- 


°D. H. Rank, N. Sheppard, and G. J. Szasz, J. Chem. 
Phys. 16, 698 (1948). 
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carbons at low temperatures with this apparatus 

by cooling the sample to the desired temperature 
with cold dry air as described in our previous 
paper.’ 

The -paraffins used were obtained from the 
Petroleum Refining Laboratory of this college 
(n-butane, m-pentane, and n-hexane) and from 
the Phillips Petroleum Company (n-heptane). 

The spectra of the liquid and solid hydro- 
carbons are schematically represented in Fig. 3. 
There are several features apparent in these 
spectra which are of particular interest. In 
general, the lines are considerably sharper at 
the low temperatures. The much simplified 
spectra of the solid normal paraffins investigated 
seem to consist of lines which arise from a single 
rotational isomer. On comparing results obtained 
from photoelectric intensity measurements of line 
pairs as a function of temperature with the 
qualitative intensities obtained from the solid 
spectra, it is apparent that the intensity changes 
of the line pairs are discontinuous when going 
from the liquid to the solid state. 

There are several obvious improvements which 
can be made in the crystal powder technique 
which we have described in this paper. How- 
ever, the incorporation of these improvements 
will make the method considerably more com- 
plex. Since it is possible to secure usable solid 
spectra in the simple manner described in this 
paper, it was thought worth while to describe 
our method in sufficient detail so as to clearly 
bring out the advantages and limitations of this 
technique. 

A detailed discussion of the quantitative re- 
sults obtained on the liquid and solid spectra 

of some normal and branched hydrocarbons will 
be given in two subsequent papers. 

We thank Dr. M. R. Fenske, Director of the 
Petroleum Refining Laboratory in this college 
and the Phillips Petroleum Company (Bartles- 
ville, Oklahoma) for supplying the hydrocarbons 
used. The figures were prepared by Mr. E. Shull. 
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The Raman spectra of n-butane, m-pentane, n-hexane, 
and n-heptane have been investigated in the liquid phase 
between 310°K and their melting points, and also in the 
solid phase. The room temperature spectra clearly show 
the presence of appreciable concentrations of two rotational 
isomers in butane and pentane, and of three isomers in 
hexane and probably in heptane. In the solid phase only 
one of these isomers is present, and in agreement with 
previous conclusions based on spectroscopic and other 
evidence, this lowest energy form was assumed to possess 
the planar, trans-, zig-zag configuration. The spectra of 
the solids yield experimental values for the limiting skeletal 
stretching frequencies of the zig-zag form, and these were 
compared with values calculated by previously established 
methods. The photoelectric spectrograph was used for 


quantitative intensity measurements on selected line pairs 
of each molecule over appropriate temperature intervals, 
and from the results values were obtained for the energy 
difference, —AH, between rotational isomers. The values 
obtained were 760+100 cal. mole in n-butane, 450+60 
cal. mole in n-pentane, 520+70 and 470+60 cal. mole 
in n-hexane. No qutantitative result could be obtained 
for n-heptane. The observed gaseous heat capacities of 
n-butane, n-pentane, and n-hexane were compared with 
values calculated by statistical mechanics. It was found 
that for m-pentane and n-hexane the calculated values do 
not agree accurately with the experimental results, prob- 
ably because of the simplified partition functions used to 
obtain the compositions of the isomeric mixtures. 


I. INTRODUCTION 


N the first paper of this series' we have shown 
that the photoelectric Raman spectrograph? 


recently developed in this laboratory can be 
applied to a quantitative study of the rotational 
isomers in liquid normal butane. A value was 
obtained for the energy difference in good agree- 
ment with that previously used by Pitzer* in his 
treatment of the thermodynamic properties of 
hydrocarbons. In this manner it was also possible 
to separate the Raman spectra of the two isomers, 
and thus to make a complete assignment of fre- 
quencies for the low energy, trans-isomer of 
n-butane. In the preceding paper* a simple 
method of obtaining the Raman spectra of solids 
was described, and the results obtained on the 
n-paraffins were given. 

In continuation of these studies it seemed of 
interest to make quantitative line intensity meas- 

* This research was carried out on Contract N6onr-269, 
Task V, of the Office of Naval Research. 

t Now at Department of Colloid Science, Cambridge 
University, Cambridge, England. 
- Rhea with U. S. Office of Naval Research, London, 

Phys. 16, 704 (1948). 

1946) H. Rank and R. Wiegand, J. Opt. Soc. Am. 36, 325 

se K. S. Pitzer, J. Chem. Phys. 8, 711 (1940). 


‘D. H. Rank, N. Sheppard, and G. J. Szasz, J. Chem. 
Phys. 17, 83 (1949). 


urements on the -paraffins. It was hoped to ob- 
tain values for the numbers of isomers present 
and for the energy differences between them. 
These results, together with the spectra of the 
solids,* should enable us to assign the appropriate 
frequencies to the skeletal stretching modes of 
vibration of the different rotational isomers. The 
improved techniques used in this work also made 
a reinvestigation of n-butane possible, to yield a 
valuable independent confirmation of our previ- 
ous result. 


II. EXPERIMENTAL 


The work on the spectra of the liquids was done 
essentially as described before.' A greatimprove- 
ment was introduced, however, by utilizing the 
low pressure Hg arcs® in conjunction with the 
photoelectric measurements. The two advantages 
of these sources are their low general background 
and the very weak satellites of the 4358A Hg ex- 
citing line. This latter property was essential for 
quantitative work on the 835-789-cm— line pair 
of n-butane.! To obtain improved resolution for 
this work we further narrowed the spectrograph 
slits. The spectra of the solid paraffins were ob- 
tained by the general crystal powder method 
described in the preceding paper.‘ 


5D. H. Rank, N. Sheppard, and G. J. Szasz, J. Chem. 
Phys. 16, 698 (1948). 
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ROTATIONAL ISOMERISM. III 


Fic. 1. Smoothed microphotometer curves of the Raman 
spectrum of liquid n-butane at 300°K and at 147°K. 


The normal paraffin samples were the same as 
used before. * They were stated to be 99+ percent 
pure and were used without further purification. 
The small amounts of water present produced 
slight cloudiness of the liquids below the icepoint, 
but because of the low background of Rayleigh 
scattering obtained with our sources, this did not 
interfere with any of the measurements. 


Ill. THE EXPERIMENTAL RESULTS 
A. The Raman Spectra 


In Figs. 1-3 are shown the Raman spectra of 
n-butane, m-pentane, and n-hexane below 1500 
cm~ in the liquid phase at the higher and lower 
temperatures, respectively. These have been 
traced from the microphotometer curves as de- 
scribed before. A low temperature spectrum in 
the liquid was not obtained with the n-heptane 
sample. It can be seen at once that the spectra 
undergo marked changes with temperature. The 
spectra of the solid hydrocarbons between 1500 
and 600 cm~ are shown schematically in Fig. 4.4 
Although longer exposure times might bring up a 
few more weak lines in these spectra, the plates 
that we have obtained are sufficient to decide the 
behavior on solidification of all the strong lines in 
the room temperature spectra. This does not 
apply to frequencies below 600 cm because in 
this region the increased background obscures all 
but the strongest lines. 

The Raman spectra of n-butane, -pentane, 
n-hexane, and n-heptane are summarized in 
Table I. This table has been arranged in such a 
way as to show the similarities in these spectra. 
Each frequency is followed by the relative in- 


Fic. 2. Smoothed microphotometer curves of the Raman 
spectrum of liquid m-pentane at 300°K and at 150°K. 


tensity of the line, and in the case of the liquid 
spectra by a + or — sign, indicating a relative 
intensity increase or decrease of the line upon 
cooling. The asterisk indicates that the line splits 
upon cooling, and that the two components be- 
have differently. It would be expected that all the 
lines marked + in the liquid spectrum would 
persist in the solid spectrum, and this appears to 
be the case for most of the lines observed. Those 
that do not seem to obey this condition are 
relatively weak in the liquid spectra, and might 
show in the solid spectra with longer exposures. 
The frequencies listed for n-butane are taken 
from our first paper, and for the other compounds 
the values given by Kohlrausch* have been used. 
In a few cases we have observed weak lines not 
recorded by Kohlrausch, and these frequencies 
have been estimated to approximately 5 cm by 
interpolation from the known values. 


Fic. 3. Smoothed microphotometer curves of the Raman 
spectrum of liquid n-hexane at 300°K and at 185°K. 


6K. W. F. Kohlrausch, ‘‘Ramanspektren,” Hand und 
Jahrbuch der Chemischen Physik (Akademische Verlags- 
gesellschaft, Leipzig, 1943), p. 210. 
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Fic. 4. The Raman spectra of normal paraffins in the 
solid state. 


B. The Determination of the Energy Difference 
between the Rotational Isomers 


The method used to obtain the energy differ- 
ences was that of Langseth and Bernstein,’ and 
the equations used for the calculations were given 
in our previous paper.' In this investigation we 
have restricted our attention to the strong 
polarized lines* between 780-900 cm—, as in all 
cases cooling produced marked relative intensity 
changes in this region.** 

The results obtained on the energy differences, 
— AH, are summarized in Table II, together with 


TABLE I. Observed Raman frequencies in liquid and solid 
n-paraffins (below 1500 cm™). 


n-butane n-pentane n-hexane n-heptane 
Lnsid Solid Liquid _ Solid Liquid i Liquid Solid 
90°K 300°K 90°KK 300K 90°K 300°K 90°K 


1450 (10) (1438 


1350? (0) 
(5)+ 1299 1302 1302 (7) 1302 


(0)+- 

(0)+ 
1167 (1) 1161 (1) 
1148 (4)+ 1136 (4) 
1077 (3)— 
1058 (9)+ 


1463 
1455 (10)+ 1455 1450 (10)+ 1450 (10)+- 
1370 (0) 1360 (0) 


1304 (4)+ 1304 
1282 (2)— 


981 (4)— 
956 (3)+ 
835 (10)+ 
789 (5)— 
432 (7)+ 


325 (1)— 


as 40) Langseth and H. J. Bernstein, J. Chem. Phys. 8, 410 
8 For detailed polarization data see se ae on the Raman 
Spectra of Hydrocarbons (Petroleum Refining Laboratory, 
School o Saag 4 and Physics, The Pennsylvania State 
“on, May 1947) 
is was ae observed by H. Okazaki, Bull. Chem. 
Soc. Japan 18, 364 (1943); Chem. Abs. 41, 4382 (1947). 
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the temperatures used, and the line pairs that 
were chosen for investigation. In the case of 
n-hexane two prominent lines decreased notably 
in intensity on going to low temperatures, and 
measurements were made on each of these with 
respect to the 896-cm™ line which did not behave 
in this fashion. Several measurements of the line- 
pair ratios were made for each substance at both 
the upper and the lower temperatures. The values 
given for —AH were computed from the average 
values, and the errors were estimated by taking 
into account the spread of our experimental re- 
sults. The choice of the lower temperature was 
governed by considerations of convenience, and 
by the melting point of the hydrocarbon in 
question. 


IV. DISCUSSION 


A. The Raman Spectra 


In contrast to the n-butane case, it is not 
feasible to attempt complete frequency assign- 
ments for these larger hydrocarbons. However, it 
is still possible to pick out the Raman lines 
caused by the most stable rotational isomer, as 
these will increase in relative intensity on going to 
lower temperatures, and have hence been marked 
+ in Table I. All the lines observed in the spectra 
of the solids belong to this class. It would only be 
possible to further assign the lines resulting from 
less stable molecular isomers (—) to particular 
non-stable configurations, if measurements of the 
energy difference were made in each case. This is 
not experimentally feasible except for the strong 
lines in the region 750-900 cm™, and our meas- 
urements on these are discussed in Section IV B. 

The most notable feature of the solid spectra 
shown in Fig. 4 is the enormous simplification 
obtained when compared with the corresponding 
spectra of the liquids. This is probably due to the 
persistence of a single rotational isomer in the 
solid state in each case, and this is presumably 
the lowest energy, planar, zig-zag form,‘ as previ- 


TABLE II. The energy difference between rotational isomers 
in n-butane, u-pentane, and n-hexane. 


Compound n-hexane 


Line pair(s), em=1 789 862-837 896-867 896-825 
Temperature, °K 310 «186 310 
Intensity _ 3.63 0.69 144 245 139 2.53 1.53 


( 
an mole, —AH 


88 
800 
| 
| 
Oo 
1136 t 
1060 S| 
1033 (4)* 1033 (5)— 1046 
1019 (1) 
! 1007 (3)+ 1007 
4 995 (1) 970 (1) as 
q 900 (2)+ 950 (1) 951 (1) 
835 862 (6)+ 862 896(10)+ 896 809 (5) 899 
837 (8)— 867 (6)— 846 (3) 
825 (5)— 831 (5) d 
762 (3)— 729 (1) 772 (2) 
500 (0) re 
432 463 (2)+ 463 460 (1)+ 494 (0) 
400 (3)— 447 (0) pe 
399 (8)+ 399 
396 (1) sk 
334 (2) 363 (5)+ 350 (0) 
323 (3)— 309 (3) th 
as 
ex 
760+100 450+60 §20+70 470+60 
bri 
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ously indicated by x-ray crystal analysis.® In the 
case of n-butane our previous spectroscopic evi- 
dence also points to this configuration.! 

There are marked similarities between the 
spectra of all these hydrocarbons, and this has 
been indicated in Fig. 4, by dotted lines con- 
necting related frequencies in the various com- 
pounds. From our previous detailed analysis of 
the m-butane spectrum it can be seen that the 
frequencies near 1450, 1300, and 1140 cm™ are 
of the hydrogen deformation type corresponding, 
respectively, to CH, bending, CH» wagging, and 
in-plane CH; wagging modes. It further seems 
reasonable to assign the two series of frequencies 
near 1050 cm— and between 900 and 830 cm to 
skeletal stretching modes of the chain. This is 
substantiated both by the n-butane assignment 
for the first members of these series, and by the 
fact that it is in just these regions of the spectra 
that the greatest numbers of lines disappear on 
solidification. It is reasonable to suppose that, in 
general, such skeletal modes would be more 
sensitive to changes in configuration than the 
hydrogenic modes, and would hence show up 
separately in the spectra at room temperature. It 
is interesting to note from Figs. 1-3 that the 
positions of the lines corresponding to the lowest 
skeletal stretching modes of the non-planar con- 
figurations in the region 900-750 cm~ are all at 
lower frequencies than the planar ones. This will 
have to be taken into account in any complete 
theoretical treatment of these frequencies. The 
observed skeletal frequencies are assumed to be 
the upper and lower limiting frequencies of the 
stretching vibrations of each molecule. This is 
certainly true of n-butane, for which a detailed 
assignment has been made previously,’ and is 
suggested for the other hydrocarbons by the 
dotted correlation lines of Fig. 4. Kohlrausch (see 
reference 6, p. 206) has also given the expected 
polarization data and selection rules for the 
skeletal modes of these hydrocarbons, and showed 
that the limiting upper and lower frequencies 
should all be Raman active in agreement with our 
assumption. 

As in this manner we have obtained convincing 
experimental evidence for the assignment of some 


° See, for example, R. C. Evans, Crystal Chemistry (Cam- 
— University Press, Teddington, England, 1939), p. 


III 89 


of the skeletal stretching modes of the planar zig- 
zag form, it was of interest to compare these re- 
sults with previous calculations. A considerable 
number of calculations have been made, but their 
correlation with experimental frequencies has 
previously been somewhat arbitrary because of 
the presence in the Raman spectra of a multitude 
of lines caused by other rotational isomers. Such . 
calculations can be divided into two main types, 
those in which the skeletal modes have been 
computed on the assumption that no angle 
changes are involved during the vibrations,!°- 
and more complete treatments in which angle 
changes are also considered.* 4—!7 

The results of the most recent calculations 
made by these methods are shown schematically 
in Fig. 5 together with the observed limiting 
skeletal frequencies. This figure includes the re- 
sults on all the normal paraffins up to Cs. The ob- 
served frequencies given for n-octane have been 
obtained from the liquid spectrum given by 
Kohlrausch® on the assumption that they are 
close to 1060 and 900 cm~", as is true for n-hexane 
and n-heptane. 

The observed frequencies for each compound 


cu” 1000 900 800 


| 


Fic. 5. Calculated and observed limiting skeletal stretching 
frequencies of the normal paraffins. 


10 EF. Bartholomé and E. Teller, Zeits. f. physik. Chemie 
B19, 366 (1932). 

1 R. Mecke, Zeits. f. physik. Chemie B36, 347 (1934). 
( be 40) I. Stepanov, J. Phys. Chem. (U.S.S.R.) 14, 474 

1 A 

13 L. Kellner, Trans. Faraday Soc. 41, 217 (1945). 

4 L. Kassel, J. Chem. Phys. 3, 326 (1935). 

16 { G. Kirkwood, J. Chem. Phys. 7, 506 (1939). 

16S. E. Whitcomb, H. H. Nielsen, and L. H. Thomas, J. 
Chem. Phys. 8, 143 (1940). 

17C, O. Ahonen, J. Chem. Phys. 14, 625 (1946). 
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are indicated by the individual heavy lines. The 
calculated upper and lower limiting frequencies 
by the first method (assumption of no angle 
change) are given by the positions in which the 
continuous curve cuts the appropriate ordinates, 
and those by the second method (including angle 
changes) are likewise indicated by the dashed 
curve. The smooth curve has been drawn directly 
from the data given by Stepanov,” and the 
dashed curve from Ahonen’s"” calculations on 
n-butane, n-hexane, and n-octane, modified as 
described below. 

In comparing the experimental frequencies 
with those calculated by Stepanov, it should be 
noticed that both tend to constant values with 
increasing chain length, but that the calculated 
separation (ca. 300 cm) is much larger than the 
experimental separation (ca. 170 cm). It is a 
general feature of the more detailed treatments 
that the calculated upper and lower limiting fre- 


TABLE III. Statistical weights of rotational isomers in 
n-paraffins.* 


Energy above ground state 
Compound 0 a 2a 3a ey 


4a 
2 0 0 
4 2 0 0 2 
0 
2 


n-butane 1 
n-pentane 1 
n-hexane 1 6(4, 2) 8 2 
n-heptane 1 8(4, 4) 18 12 


10 
40 


* This table is reproduced in part from Pitzer’s work (see reference 3). 


quencies for the longer chain molecules do not 
have so great a separation and are hence in better 
agreement with our experimental value, but cal- 
culations that have so far-been made do not in 
any case agree closely with experiment as regards 
the individual positions of the lines. For example, 
Ahonen calculates that these frequencies should 
occur between 1127 and 956 for n-octane, as 
compared with the experimental limiting fre- 
quencies of 1064 and 894 cm“. In his calculations 
Ahonen used force constants derived from the 
propane molecule, and it is clear that a small 
change in the stretching constant would give very 
good agreement between the two sets of data. 
Accordingly, we have corrected Ahonen’s figures 
in a semi-empirical fashion, assuming that a small 
change in force constant would give rise to a pro- 
portional shift of the frequencies (i.e., neglecting 
further effects due to angle bending). The factor 
that we used would correspond, on this assump- 


tion, to a change of the stretching force constant 
from 4.12105 to 3.7105 dynes cm—. We cor- 
rected, in a similar fashion, the frequencies given 
by him for n-hexane and n-butane, and have used 
these recomputed values to draw in the dotted 
curve shown in Fig. 5. It can be seen that in this 
way good agreement between theory and experi- 
ment has been achieved in both the positions and 
separations between the limiting frequencies in 
the hydrocarbons n-hexane, n-heptane, and n- 
octane. It is clear, however, that this treatment 
fails in the case of n-butane and, by interpolation, 
for n-pentane. Indeed it is difficult to see how 
either treatment could account for the peculiar 
behavior of these frequencies in the lower mem- 
bers of the series. It is probable that these can 
only be explained in a satisfactory manner by 
taking into account the fact that rather different 
bending and stretching constants will apply to 
the ends as compared to the inner portions of the 
chain. 


B. The Number of Rotational Isomers 
and the Energy Differences 


As mentioned earlier, the improved techniques 
made possible a determination of the energy 
difference in n-butane using the line pair at 
835-789 cm—. The result obtained was —AH 
=760+100 cal. mole, which is to be compared 
with our previous value of 770+90 cal. mole. 
The exact agreement is perhaps fortuitous, but 
leaves no doubt as to the general magnitude of 
the energy difference. This value agrees remark- 
ably well with Pitzer’s prediction.* According to 
Pitzer’s treatment the general picture for the first 
four hydrocarbons containing rotational isomers 
is shown in Table III. In this table are shown the 
statistical weights of groups of rotational isomers 
of the same energy, and the molecular composi- 
tions of these mixtures can be obtained to a first 
approximation from the formula 


gi exp(—E,/RT)/L gi exp(—E,/RT). 


In Pitzer’s treatment E; is the appropriate inte- 
gral multiple of a= 800 cal. mole, and g; is the 
statistical weight given in Table III. Some of the 
isomers belonging to the same energy level can be 
further distinguished spectroscopically, because 
their different spatial configurations will lead to 
separate frequencies in the spectra. This subdivi- 


oO. = BA. 
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sion is indicated in Table II] for the first levels of 
n-hexane and n-heptane by the numbers in 
parentheses. It is easily seen from the molecular 
models that the maximum statistical weight of 
any spectroscopically identical species is four. 
Consequently, we have not carried out this 
separation for the higher energy isomers on the 
assumption that the exp(—E/RT) term will 
greatly reduce the populations of such states. On 
the basis of this picture we would predict the 
following number of strong, polarized Raman 
lines in the region 900-780 cm=: n-butane and 
n-pentane two, n-hexane and n-heptane three. 
This is based on the very probable assumption 
that each type of isomer present in quantity will 
give one such frequency in this region as is the 
case for the stable, planar, and zig-zag form. The 
experimental results for n-butane, m-pentane, and 
n-hexane in this region are shown in Figs. 1-3 and 
can be seen to be in excellent agreement with 
these predictions, and provide further evidence 
for the general correctness of Pitzer’s treatment. 
Although in the case of n-heptane no complete 
spectrum was obtained at low temperatures, we 
did investigate the spectral region between 950- 
800 cm= on the photoelectric spectrograph. The 
curves, obtained at the high and low tempera- 
tures are shown in Fig. 6. In agreement with 
Kohlrausch,* we find three fairly strong fre- 
quencies at 899, 846, and 831 cm™, as predicted 
above. The weaker shoulder on the side of the 
899-cm— line, which shows up more distinctly in 
the low temperature run because of the sharpen- 
ing of the lines, is probably another, non-skeletal, 
frequency of the stable isomer. The photoelectric 
measurements on n-butane, m-pentane, and n- 
hexane were made on sufficiently well resolved 
lines to yield clear-cut results, the line pair 
separations given in Table II ranging from 25-46 
cm~, as compared with the 15-cm™ separation of 
these poorly resolved lines in n-heptane. These 
measurements lead to the energy differences sum- 
marized in Table II. No further discussion of the 
value obtained for n-butane is necessary. The 
energy differences obtained for m-pentane and 
n-hexane are distinctly lower than that for 
n-butane. In the case of m-pentane we are still 
dealing, as in n-butane, with rotation about the 


second C—C linkage, while beginning with” 


n-hexane inner linkages are also contributing 


different rotational isomers. In the case of ° 
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Fic. 6. Photoelectric intensity recording of the Raman 
spectrum of n-heptane, between 925 and 800 cm™, at 
310°K and at 188°K. 


n-hexane there are two spectroscopically different 
isomers at about the same energy above the 
ground state. It is not possible to decide un- 
equivocally which of these is the butane analog 
and which is the new type, but the separation of 
the line pairs suggests that the 867-cm— line 
belongs to the m-butane type isomer, having a 
corresponding energy difference of 520 cal. mole. 
It was, unfortunately, not possible to derive any 
quantitative results from our measurements in 
n-heptane, for, as can be seen from Fig. 6, the 
overlapping of the lines makes the intensity 
measurements extremely uncertain. The energy 
differences in m-pentane and n-hexane are iden- 
tical within experimental error. As one of the 
n-hexane values corresponds to rotational isom- 
erism about an internal C—C linkage, it seems 
likely that this value of about 500 cal. mole is 
the energy difference for all rotational isomers 
previously considered* at 800 cal. mole (i.e., 
those listed in the ‘‘a’”’ column of Table III), ex- 
cept of course for the special case of n-butane. 
Independent evidence of a less direct type has 
been cited by Beckett, Pitzer, and Spitzer'® in 
support of the original choice of 800 cal. mole 
for the n-butane type energy difference. This was 
based on the heats of combustion!® of the liquid 
dimethyl cyclohexanes and gave a value of 900 
cal. mole. No experimental evidence concerning 
the magnitude of these energy differences is so far 
available in the vapor, and it is possible that our 
values are not strictly applicable to this phase. 
On the other hand, it seems probable that in view 


of the relatively weak intermolecular forces the 


18 C. W. Beckett, K. S. Pitzer, and R. Spitzer, J. Am. 
Chem. Soc. 69, 2488 (1947). 

19E. J. Prosen, W. H. Johnson, and F. D. Rossini, J. 
Research Nat. Bur. Stand. 39, 173 (1947). 
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TABLE IV. Experimental and calculated gaseous heat 
capacities of m-pentane and n-hexane. 


n-pentane n-hexane 


cale. Cp° calc. Cp° cale. Cp° calc. 
AH= 


500 cal. 800 500 cal. 800 ca 
T.°K Cpexp* mole“! Cp° exp> 
331 31.3+0.2 31.0 31.5 37.28+0.04 . 37.1 37.9 
427 38.0+0.3 38.6 39.0 45.69+-0.05 46.0 46.6 


® See reference 21. b See reference 23. 


energy differences in liquid and vapor hydro- 
carbons are not very different. 

An obvious way to test our results was to 
compare experimental and calculated thermo- 
dynamic properties, using the rounded value of 
500 cal. mole for the parameter ‘‘a’’ in Pitzer’s 
treatment.’ In making these calculations, we used 
the following frequency assignment for the hy- 
drogenic modes of the CH: and CH; groups (cf. 
our analysis of the n-butane spectrum'): CH. 
group, 2900(2), 1450, 1300, 1250, 750; CH; 
group, 2900(3), 1450(2), 1375, 1140, 950. The 
upper and lower limiting frequencies of the C—C 
stretching modes were taken from the solid 
spectra of the low energy form and from the 
frequencies of neighboring temperature-depend- 
ent Raman lines for the high energy forms. The 
intermediate stretching frequencies were com- 
puted using Stepanov’s calculations? adjusted so 
as to fit the experimental values of the extreme 
frequency interval. The C—C bending modes for 
n-pentane were taken to be the three observed 
frequencies for all the isomeric forms, and in the 
case of n-hexane the four strong observed Raman 
lines were likewise used. The torsional modes were 
taken at 120 cm—. 3300 cal. mole“ was used as the 
height of the sinusoidal potential barrier hinder- 
ing the rotation of the terminal methyl groups. 

For our purposes the gaseous heat capacity is 
the most useful thermodynamic property, as it is 
relatively insensitive to the low lying bending and 
torsional frequencies which are the least accurate 
in our assignment. On the other hand, it is sensi- 
tive to changes in population between the various 
energy states, as controlled by the energy differ- 
ence in which we are interested. 

In the case of n-butane our detailed frequency 
assignment gives almost identical heat capacity 
contributions with the earlier schematic one of 
Pitzer,? which was subsequently modified*® to 


20K. S. Pitzer, Ind. Eng. Chem. 36, 829 (1943). 


give better agreement with the experimental re- 
sults on m-pentane.”! While Pitzer’s later assign- 


ment gives somewhat better numerical agreement 


with the experimental gas heat capacities of 
n-butane” than does our treatment, both calcula- 
tions are within the experimental errors of the 
measurements. As they assume the same energy 
difference between the rotational isomers, the 
somewhat different results are of no significance 
from our present point of view. 

The experimental gas heat capacities of n- 
pentane” and of n-hexane* were compared with 
calculated values, and the results are summarized 
in Table 1V. No detailed comparisons were made 
for n-heptane. In the case of both pentane 
and hexane, using 500 cal. mole for the energy 
difference, the calculated and experimental curves 
cross between 330° and 430°K (the temperature 
range of Pitzer’s experimental values for n- 
pentane). In both cases our slope is too high, i.e., 
the calculated heat capacity increases too rapidly 
with temperature. This slope could be decreased 
somewhat by adopting the value of 800 cal. 
mole for the energy difference, but this would 
raise the calculated curve above the experimental 
one throughout the entire temperature range. In 
order to bring these curves into good agreement 
some modification of Pitzer’s treatment appears 
necessary. In view of the important part played 
by the higher energy rotational isomers it seems 
probable that the appropriate energy differences 
are not represented with sufficient accuracy by 
simple multiples of the parameter ‘‘a.”’ This 
seems physically reasonable for isomers derived 
from the planar ‘zig-zag form by successive rota- 
tions about neighboring linkages. 
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The Raman spectra of 2-methyl butane and 2,3-dimethyl butane were investigated between 
room temperature and 90°K. In marked contrast to the behavior of the normal paraffins all 
the main lines persist in the solid phase. The slight change with temperture in the relative 
intensity of one line pair in liquid 2-methyl butane was investigated quantitatively with the 
photoelectric spectrograph. No measurable intensity changes were observed in the 2,3-dimethyl 
butane spectrum. The results were interpreted in terms of both a very small (<100 cal. mole)Y 
and a very large (1600 cal. mole“) energy difference between the rotational isomers. Although 
both interpretations appear consistent with the spectroscopic results, neither affords a com- 
pletely straightforward explanation of all the facts. It is shown for 2-methyl butane that 
accurate gaseous heat capacities would distinguish between these alternatives. The spectro- 
scopic data on 2,3-dimethyl butane are inconsistent with a single molecular configuration 


possessing a center of symmetry. 


I. INTRODUCTION 


N the preceding papers of this series'~* we have 
investigated the phenomenon of rotational 
isomerism in the n-paraffins by means of Raman 
spectroscopy. It seemed of interest to study the 
simplest branched paraffins in which the co- 
existence of rotational isomers would be expected 
on the basis of the previously established general 
picture. The obvious compounds to investigate 
from this point of view are the methyl substituted 
butanes. In this paper we report results on 
2-methyl butane and 2,3-dimethyl butane. It 
would be expected that because of the trigonal 
symmetry introduced by the three identical 
groups attached to one of the carbon atoms of the 
central C—C linkage, there should be only one 
rotational isomer in the case of the other 
methyl substituted butanes (2,2-dimethyl, 2,2,3- 
trimethyl and 2,2,3,3-tetramethyl butane). This 
has been verified in the case of 2,2-dimethyl 
butane by the spectroscopic work of Mizushima, 


* This Research was carried out on contract N6onr-269, 
Task V, of the Office of Naval Research. 
t Now at Department of Colloid Science, Cambridge 
University, Cambridge, England. 
tt Now with U. S. Office of Naval Research, London, 
England. 
wae Sheppard, and Rank, J. Chem. Phys. 16, 704 
48). 
aa Sheppard, and Szasz, J. Chem. Phys. 17, 83 
49). 
use a Sheppard and G. J. Szasz, J. Chem. Phys. 17, 86 
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Morino and Takeda.‘ Pitzer’ has previously esti- 
mated the energy difference between the possible 
isomers in the case of both 2-methyl butane and 
2,3-dimethyl butane from steric considerations. 
He estimated an energy difference, —AH, of 1600 | 
cal. mole in both these cases, and this would 
lead one to expect the presence of a rather small 
proportion (ca. 10 percent) of the higher energy 
isomer at room temperature. As in the case of the 
n-paraffins, we made a complete investigation of 
these compounds from room temperature down 
to the melting point and also extending into the 
solid phase. 

The experimental procedures were identical 
with those described in the previous papers.” 
Low temperature measurements on liquid 2- 
methyl butane using the photoelectric spectro- 
graph were made after the sample had been 
cooled from room temperature to 130°K in a few 
minutes, and also over a period of 54 hours. This 
was carried out because of a recent discussion® ” ® 
of presumed hysteresis effects in some measure- 
ments of the liquid heat capacities of isopentane, 
and their explanation in terms of rotational 
isomerization as a slow rate process. If this 


4 Mizushima, Morino, and Takeda, Sci. Papers Inst. 
Phys. Chem. Res. (Tokyo) 38, 437 (1941). 

5K. S. Pitzer, J. Chem. Phys. 8, 711 (1940). 

6 J. G. Aston and S. C. Schumann, J. Am. Chem. Soc. 
64, 1034 (1942). 

7G. B. Guthrie, Jr. and H. M. Huffman, J. Am. Chem. 
Soc. 65, 1143 (1943). ; 

8 J. G. Aston, J. Am. Chem. Soc. 65, 2041 (1943). 
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1200 1400 CM" 


T#147°K. 


Fic. 1. Smoothed microphotometer curves of the Raman 
— of liquid 2-methyl butane at 300°K and at 


picture were true, the rate of cooling might 
conceivably affect the results at low temperatures. 

Both the hydrocarbons used in this investiga- 
tion were obtained from the Petroleum Refining 
Laboratory of this college. They were stated to be 
99+ percent pure, and were used without further 
purification. 


II. EXPERIMENTAL RESULTS 


Figures 1 and 2 show the high and low temper- 
ature Raman spectra of 2-methyl butane and 
2,3-dimethyl butane in the liquid state. These 
have been traced in the usual manner from 
microphotometer curves obtained from the origi- 
nal plates. The Raman spectra of the solid 
hydrocarbons have also been obtained, and show 
the presence of all the lines observed in the liquid 
between 600 and 1500 cm, with the exception of 
the weakest line in the 2,3-dimethyl butane spec- 
trum. It is probable that this would show up with 
longer exposure time. The heavy background 
accompanying the exciting line in the solid 
spectra did not permit the study of the spectral 
region below 600 cm in any detail. However the 
strong frequency at 462 cm~ in the 2-methyl 
butane spectrum could be observed on one of the 
plates. 

Examination of Figs. 1 and 2 shows that these 


TABLE I. Intensity ratio of the 763 and 796 cm™ line pair of 
isopentane at different temperatures. 


Intensity ratio 


1.30+0.05 
1.02+0.04 Rapid 
0.98+0.06 Slow 


Temperature, °K Cooling rate 


Fic. 2. Smoothed microphotometer curves of the Raman 
— of liquid 2,3-dimethyl butane at 300°K and 


spectra do not undergo any marked changes on 
cooling. In the case of 2-methyl butane there are 
a few small changes in the relative intensity of 
the lines in the spectra, and in particular the in- 
tensity change of the two strong lines around 800 
cm seemed to warrant quantitative investiga- 
tion on the photoelectric spectrograph. On the 
other hand in the case of 2,3-dimethyl butane 
there were no changes in the spectra outside of 
experimental error, and hence no photoelectric 
measurements were made on this compound. 

As mentioned in the introduction, the quanti- 
tative measurements on isopentane were carried 
out with two very different rates of cooling. The 
results obtained are summarized in Table I. 

It can be seen from this table that good 
agreement was obtained for the intensity ratio at 
low temperatures in both runs, showing the ab- 
sence of any effects due to hysteresis upon our 
results. 


III. DISCUSSION OF THE SPECTRA 


In marked contrast to the behavior of the 
normal paraffins it was found that there is very 
little change in the Raman spectra of 2-methyl 
butane and 2,3-dimethyl butane on cooling and 
solidification (cf. Section II). There are two 
possible explanations of this, either 

(A) only a single molecular species is present in an 

appreciable concentration at temperatures up to 
300°K, corresponding to a rather large energy con- 
tent of the second isomer, or 

(B) a mixture of two rotational isomers of almost equal 

energy exists, whose composition is approximately 
temperature independent. 


2-methyl butane and 2,3-dimethyl butane are 


as A435 ot FR mec = =e 


tp 
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analogous in terms of the number and relative 
configurations of their rotational isomers, and 
therefore the same hypothesis would be expected 
to explain all observations on both of these com- 
pounds. On the basis of our previous experimental 
work"? we can conclude that the energy difference 
between the isomers must be less than ca. 200 
cal. mole or greater than ca. 1000 cal. mole. 
Although the only previous estimate of this value 
by Pitzer was 1600 cal. mole it will be shown 
below that the spectroscopic evidence can be 
interpreted in terms of either a high or a low 
energy difference. We shall accordingly discuss 
the spectra in the light of each of these hypotheses, 
and it will be shown that neither of them is com- 
pletely satisfactory without making some ad hoc 
assumptions. 


A. Assumption of a Single, Prevalent, Rotational 
Isomer (Large Energy Difference) 


The fact that the spectra change only very 
slightly on cooling and on solidification finds a 
natural explanation in terms of this assumption. 
The Raman spectrum showed no observable 
changes on cooling in the case of 2,3-dimethyl 
butane, and in the case of 2-methyl butane there 
was a slight change in the relative intensity of the 
line pair at 796 and 763 cm. This could be 
easily explained if it were assumed that a small 
percentage of the less stable form was present at 
300°K and that one of its frequencies coincides 
with the 763 cm line of the stable isomer. 

In the case of 2-methyl butane the Raman? and 
infra-red!® spectra below 1500 cm~ can be inter- 
preted as belonging to a single form without any 
difficulty as regards the numbers of frequencies 
and normal modes of vibration. There are, how- 
ever, two strong polarized"! Raman lines present 
between 700-800 cm- (796 and 763 
whereas on the assumption of a single molecular 
form we would expect to find only one such line in 
this region, namely the lowest C—C stretching 
mode." It would be possible to explain this extra 


9K. W. F. Kohlrausch, Ramanspekiren (Akademische 
Verlagsgesellschaft, Leipzig, 1943), p. 210. / 

10 American Petroleum Institute Research Project 44. 
Spectrogram No. 550, contributed by the U. S. Naval 
Research Laboratory, Washington, D. C. 

(1947); R. Fenske et al., Ind. Eng. Chem. Anal. Ed. 19, 700 

12.N, Sheppard, J. Chem. Phys. 16, 690 (1948). 
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line as due to a Fermi type resonance between the 
C—C stretching mode and a combination band 
of the two low skeletal modes at 366 and 415 
cm~!. However, this is an ad hoc assumption 
which does not easily lend itself to verification. 
In the case of 2,3-dimethyl butane one of the 
possible staggered configurations possesses a 
center of symmetry, class C24, which would re- 
strict the number of lines permitted in the infra- 
red and Raman spectra, and would prohibit the 
appearance of any coincidences between them. 
The observed spectra,!*'* however, contain too 
many lines for such a symmetrical molecule and 
about half of these can be found in both the 
infra-red and Raman spectra. These arguments 
appear to exclude the possibility that 2,3- 
dimethyl butane consists of a single molecular 
species with a center of symmetry. If we assume 
that the low energy form has the other staggered 
configuration (no center of symmetry, class C:) 
the above restrictions are removed and the ob- 
served 2,3-dimethyl butane spectra can be 
satisfactorily accounted for. Once again, however, 
there is a second strong polarized line between 
700 and 800 cm which is difficult to explain 
except in terms of a Fermi-type resonance. 


B. Assumption of Two Rotational Isomers 
(Small Energy Difference) 


The existence of a small energy difference be- 
tween the two isomeric forms in 2-methyl butane 
and 2,3-dimethyl butane would lead to an almost 
constant equilibrium composition determined 
mainly by the statistical weights of the com- 
ponents, and by the presumably small differences 
in their rotational and vibrational partition func- 
tions. If this were the case the only experimental 
fact that is difficult to explain is the persistence 
of all the Raman lines upon solidification in 
marked contrast to the behavior of the normal 
paraffins. The presence of both isomers in the 
crystalline phase can be explained in terms of 
separate crystallization or solid solution, of which 
the former is only possible if equilibrium be 
frozen. Solid solution formation between different 
branched chain paraffins has been demonstrated 


18 Rosenbaum, Grosse, and Jacobson, J. Am. Chem. Soc. 
No. 656 ibuted by th 
eference 9, Spectrogram. No. 656, contribu e 
U.'S. Naval Research Laboratory, Washington, D. C. 
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recently in a series of studies by Aston and co- 
workers,'® and it seems reasonable to suppose 
that it may occur with two different rotational 
isomers of a single branched hydrocarbon. The 
persistence of all the lines in the solid spectra 
would be a natural consequence of such a state of 
affairs. Such solid solution seems much more 
probable for these relatively compact branched 
hydrocarbons than for the elongated molecules of 
the normal paraffins, and may or may not possess 
a residual zero-point entropy, depending on the 
state of order of the lattice. Since the assumption 
of zero-energy difference corresponds to a two-to- 
one composition ratio, the formation of an ordered 
lattice (i.e., no residual entropy) may not be 
unlikely. In this connection the investigation of 
the zero-point entropy of established hydrocarbon 
solid solutions seems of great interest.** 

The rest of the spectroscopic results can be 
easily explained in terms of the presence of two 
forms. Thus the measured change in the intensity 
ratio of the line pair at 796 and 763 cm™ in 
2-methyl butane then corresponds to an energy 
difference, —AH, of 100+50 cal. mole! between 
the isomers, whereas in the case of 2,3-dimethyl 
butane we must conclude that the energy differ- 
ence is even smaller than this value. Our previous 
experience with the normal paraffins showed? 
that only the skeletal modes gave rise to different 
spectral lines for the different isomers. On this 
basis we would expect only a few extra lines to 
appear if there are two isomers present, and hence 
the possible explanation of all the observed fre- 
quencies in terms of a single molecular species in 
each case is not conclusive evidence against this 
view. This expectation provides the most 
straightforward explanation of the doubling of 
the highly polarized Raman lines between 700- 
800 cm— in the spectra of both molecules, whose 
explanation wasa difficulty on the first hypothesis. 


IV. THERMODYNAMIC CONSIDERATIONS 


It is probable that the most satisfactory way of 
distinguishing between the two hypotheses dis- 
cussed in Section III is by comparing experi- 


18 J. W. Tooke and J. G. Aston, J. Am. Chem. Soc. 67, 
2275 (1945); Finke, Cines, Frey, and Aston, J. Am. Chem. 
Soc. 69, 1501 (1947). 

** Such an investigation is planned for the system 2,2- 
dimethyl butane—cyclopentane in the Cryogenic Labora- 
tory of this college. 
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mentally determined values of the thermo- 
dynamic properties of these molecules with the 
results of statistical calculations. The most sensi- 
tive property for our present purpose will almost 
certainly be the gaseous heat capacity (cf. the 
discussion on the normal paraffins in the pre- 
ceding paper).* A single value of the gaseous heat 
capacity of 2-methyl butane has been given by 
Eucken,!* but no values are available for 2,3- 
dimethyl butane. Although entropy values are 
available for both of these compounds,!”!®!9 it is 
not worth while to present a detailed discussion 
of the entropy comparisons because of uncer- 
tainties in the lower frequencies and particularly 
in the skeletal torsional mode.*** In the heat 
capacity calculations on 2-methyl butane the 
following frequencies and parameters were used : 
CH stretching 2900 cm— (12) ; CH; deformation 
(isopropyl group) 1462 (4), 1381, 1368, 1014, 949, 
920, 910; CH; deformation (ethyl group) 1462 
(2), 1381, 1140, 974; CH» deformation 1462, 
1299, 1269, 764; CH deformation 1339, 1299: 
C—C stretching 1176, 1149, 1030, 796; skeletal 
deformation 463, 420, 366, 246; skeletal torsion 
120 cm~; barrier restricting CH; torsion 3300 
cal. mole~!; reduced moment of CH; group 
5.2X10-*° g cm?. The same assignment has been 
assumed to be correct for both isomeric species, 
and this probably only involves considerable 
errors in the frequencies of the skeletal bending 
modes. However, this is of little consequence for 
the calculation of the gaseous heat capacity as 
this property is relatively insensitive to the pre- 
cise values of these frequencies. 

The calculations were carried out assuming 
both 0 and 1600 cal. mole for the energy differ- 
ence between the isomers, the value of 1600 cal. 
mole being that assumed by Pitzer® previously. 
The results at 454°K are 40.7 cal. deg.—! mole! 
for the assumed zero energy difference, and 41.2 
for the large energy difference. These are to be 


16 A. Eucken and B. Sarstedt, Zeits. f. physik. Chemie 
B50, 143 (1941); Chem. Abs. 37, 2648 (1943). 

17S. C. Schumann, J. G. Aston and M. L. Sagenkahn, J. 
Am. Chem. Soc. 64, 1039 (1942). 

18 D. R. Douslin and H. M. Huffman, J. Am. Chem. Soc. 
68, 1704 (1946). 

19 Ref. 10, Tables of selected values of properties of 
hydrocarbons, Table 2¢, part 1. 

*** In addition Dr. J. G. Aston has pointed out to us that 
a further uncertainty may arise in the interpretation of the 
observed entropies if the disordered solid solutions men- 
tioned as a possibility above do, in fact, exist. 
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compared with Eucken and Sarstedt’s experi- 
mental value!® of 40.5++0.8 cal. deg.—! mole at 
this temperature. Although an unequivocal deci- 
sion between the two alternatives is not possible 
on these grounds because of the magnitude of the 
experimental error, it is clear that the problem 
could be decided if accurate gaseous heat capaci- 
ties were available over a considerable tempera- 
ture range. 
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The probability density for the distance of that link (or links) which is farthest from the 
line joining the ends of a random coil is obtained for the case in which the number of links is 
large. The most probable value and the averages of that distance are determined approximately. 


INTRODUCTION 


UHN! considers fz, the distance of the 

middle of a random chain from the line 
joining the ends, to be the transverse dimension 
of the chain. He obtained the probability density 
for he and found the root-mean-square to be 
given by 


where JN is the number of links in the chain, and 
lis the length of each link. Kuhn? later showed 
that in case the chain is undisturbed by external 
forces, h2 is independent of the extension of the 
chain as long as the distance between the end 
links does not approach too near that of the 
completely extended chain. Extensions which 
are large enough to affect h2, are extremely 
improbable for the undisturbed coil. 

In this paper the probability density for the 
“transverse boundary” of a random chain is 
obtained by a method which has been described 
in a previous paper.* This boundary determines 
the distance p of that link (or links) which is 
most distant from the line joining the ends of 
the coil. The boundary is a cylinder with its 

?W. Kuhn, Kolloid Zeits. 68, 2 (1934). 


*W. Kuhn, J. Polymer Sci. 1, 380 (1946). 
°C. A. Hollingsworth, J. Chem. Phys. 16, 544 (1948). 


axis along the axis of the chain and having a 
radius equal to p. 


THE PROBABILITY DENSITY FOR o 


Let W(R, N)dV designate the probability that 
a random coil of N links, starting at the origin, 
ends in the volume element dV which has the 
position vector R. For large values of N the 
following relation holds: 


W(R, N) =(2xNP/3)“ exp[ —3|R|?/2NP], (1) 
which in cylindrical coordinates (r, 0, 2) is 


Wr, 2, N) =(24NP/3)-3 
Xexp[ —3(r?+27)/2NP]. (2) 


It can be shown‘ that Eq. (2) satisfies the 
differential equation for heat flow (or diffusion), 


namely, 
(3) 


Let W(r, z, N; p) denote the probability that 
the chain, starting at the origin, ends in the 
volume element dV at (r, 6,2) with the added 
condition that the chain has at no point gone 
beyond the cylinder r=p. It can be shown® that 
Wr, 2, N;p) satisfies the differential Eq. (3) 


4S. Chandrasekhar, Rev. Mod. Phys. 15, 1 (1943). 
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with the following boundary condition applying: 
W(r, z,N;p)=0 when r=p. (4) 
The initial condition is 


2, N; p)=W(r, z, N) (S) 
when 
Nl=g(p, 1, 2). (Sa) 


The function g(p, 7, 2) is complicated and gives 
the minimum value of N which will enable the 
chain to start at the origin, touch the cylinder 
r=p, and then end at the point (r, 0, z). In place 
of this function a much more simple approxi- 
mation, 

g(p, 7, =p, (6) 
will be used. Although this choice is somewhat 
arbitrary, it is a good approximation as long as 
N is sufficiently large and we are not concerned 
with chains having extensions considerably 
greater than the average. 

Under these conditions the formal solution of 
Eq. (3) can be given in the following form: 


0 i=l 


da, (7) 


where 


4 
A 
XJo(A;r) cosazdzdr, (7a) 


and W(r, z, p/l) is given by Eq. (2). Jo(Ajr) and 
Ji(Ajr) are the Bessel function of the first kind 
of order zero and one, respectively. \; is the jth 
root of 


Jo(Ap) =0. 


The integrations of Eq. (7) over a and Eq. 
(7a) over z can be easily carried out, giving the 
result 


Wir, 2, N; p) = 
Xexp[ 0), (8) 
where 


H;(r, p) Jo(Asr) 
(8a) 


and 


B,(p)= (8b) 


Since H;(r, p)—0 when p becomes much less than 
N14, p in the upper limit of the integral in Eq. 
(8b) can be replaced by . Writing Jo(A;7) in 
series form and integrating gives 


B;(p)~pl/3 
=pl/3 exp[—)ol/6]. (9) 


The function W(r, z, N; p)dV given by Eq. (8) 
gives the probability that a chain ends in the 
volume element dV, which is at the point (r, 8, 2), 
without having gone beyond the cylinder r=p. 
Therefore,’ 


F(r, 2, N;p)=dW(r,2,.N;p)/dp (10) 


gives a probability density such _ that 
F(r, z, N; p)dpdV is the probability that a chain 
passes through the cylinder r =p, but does not go 
beyond the cylinder r=p+dp, and at the same 
time ends in the volume element dV, which is at 
the point (r, 0, z). Of course, 


fr z, N; p)\dpdV =1. 


In the present problem r=0, and, since 
J)(0) =1, we have 


2 exp| —32?/N/? | 
F(z, N; p)= 


F;(N, p), (11 
x(24NE/3)! 2 FAN, 0), (11) 
where 

H;(0, 
F,(N, 


p 
=[Si(x;) NP /6p? —1) 

(11a) 

and x; is the jth root of Jo(x) =0; that is, x;=Ajp. 


An interesting function can be obtained from 
Eq. (11) by dividing by W(0, z, NV). The result is 


F(N, p) = p). (12) 


= 


m 
of 
gr 


since 


(11) 


(11a) 
=} jp. 


from 
ult is 


(12) 


TRANSVERSE BOUNDARY OF -THE RANDOM COIL 


F(N, p)dp is the probability that a chain which 
ends at the point (0, 8, z) has passed the cylinder 
r=p, but has not gone beyond the cylinder 
p+dp, and 


f FN, p)dp=1. 


In other words, F(N, p) is the probability density 
for p when the extension of the chain is z. 

It will be noted that F(N, p) is independent 
of z. Obviously, therefore, F(V, p) as given by 
Eq. (12) does not possess the correct limiting 
property that p—0 when z—W/. A function that 
does possess this property should be obtained if 
Eq. (3) were solved using the exact condition 
(5a), where g(p, 7, z) is a function of 7 and z as 
well as of p. Also, when z— WI, Eq. (1) no longer 
holds, and W(R, N) must be given by a more 
complex expression which has been obtained by 
Kuhn and Griin.** However, as has already 
been pointed out, such large values of z are 
extremely improbable for an undisturbed chain. 
Equation (12) should, therefore, apply to all 
probable configurations. Thus p, like Kuhn’s he, 
is independent of the extension of the chain for 
moderate extensions. 


THE MOST PROBABLE VALUE AND 
AVERAGES OF 0 


It is a simple matter to determine approxi- 
mately the most probable value and the averages 
of p graphically using Eq. (12). Figure 1 is a 
graph of as a function of p/N'I. 

5 W. Kuhn and F. Griin, Kolloid Zeits. 101, 248 (1942). 


0.5 1.0 
Fic. 1. N#F(N, p)l as a function of p/ Nil. 
From this curve the most probable value of p 
is found to be given approximately by 


Pm.p. = 0.55 (13) 


The area under the curve in Fig. 1 was 
measured by means of a planimeter and found 
to be 1.01+0.01, which is to be compared with 
the theoretical value of unity. 2 as 

By measuring the areas under appropriate 
curves the following approximate values of the 
averages were obtained: 


p=0.62N141, (14) 

p=0.41 NP, (15) 
and 

(p?)? = 0.641. (16) 


Perhaps it should be pointed out that in case 
the equations developed here are to be applied 
to molecular chains, the link of the chain must 
be the appropriate ‘‘statistical chain element” 
introduced by Kuhn.® 


6 See, for example, W. Kuhn and H. Kuhn, J. Colloid 
Sci. 3, 11 (1948). 
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A Comparison of the Ionization Cross 
Sections of H, and D, 


NORMAN BAUER* AND J. Y. BEACH 


California Research Cunnetin, Richmond Laboratories, 
Richmond, California 


November 1, 1948 


E wish to correct an impression given in the opening 


sentences of a recent note by R. E. Honig! on- 


“A comparison of the ionization cross sections of Hz and 
D,” which referred to our note on ‘Differences in mass 
spectra of Hz and D».’? We did not report a significant 
difference between the sensitivities for, H2* and 
Rather the difference observed (about 10 percent) was in- 
terpreted as being within the probable limit of mass spec- 
trometer discrimination for the two masses. The difference 
observed (presumably caused by discrimination) was re- 
ported as about 10 percent—not 10 to 40 percent. Our 
note was not concerned with the question of correcting 
sensitivities by M}, and the data were not obtained or dis- 
cussed with that question in view. 
* Present address, 1 Arlington Avenue, Berkeley, California. 
16, 837 (1948). 


1 Richard E. Honig, J. a Phys. 


2 Norman Bauer and J. Y. Beach, J. Chem. Phys. 15, 150 (1947). 


Calculation of Transport Properties of Gases 


I. AMDUR 


Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


November 10, 1948 


IRSCHFELDER, Bird, and Spotz! have recently re- 
ported a method for calculating transport properties 
of non-polar gases which leads to excellent correlation of 
experimental results. Since they did not compare their 
procedure with that previously used by Amdur? in calcu- 
lating low temperature transport properties of the rare 
gases, it seems desirable to point out briefly the similarities 
and differences in the two approaches. The discussion will 
be limited to viscosity and self-diffusion, which should 
suffice to illustrate the major steps in the two treatments. 
The classical, velocity dependent cross section for vis- 
cosity and thermal conductivity, S,,x, may be defined as 


G(@) (1) 


= 29 


VOLUME 17, 


100 


NUMBER 1 JANUARY, 1949 


and the classical, velocity dependent cross section for 
self-diffusion, Spq,1), as 


Soa,» ["G(0) sineds, (2) 


where G(@) is the solid angle scattering coefficient, and @, 
the angle through which the direction of the relative initial 
velocity, v, of two colliding particles is turned by a collision. 
G(@) may be defined by the statement that 2x NG(6) sinédée 
is the number of atoms deflected per second between 0 
and 6+d@ from a stream of N atoms per unit area per 
second impinging upon a single scattering atom. The 
scattering angle, @, may be calculated from classical treat- 
ment of the two-body collision problem if the potentiai 
energy of interaction as a function of distance is known, 
and, for a given value of the initial relative velocity, G(@) 
may be evaluated from the known dependence of @ on fro, 
the distance of closest approach of the two particles.* 
The method of Hirschfelder, Bird, and Spotz consists, 
in effect, of evaluating functions such as S,,x and Spq,1) 
from fundamental relations such as Eqs. (1) or (2). (They 
actually calculated reduced cross sections which are the 
ratios of velocity dependent cross sections to the hard 
sphere cross section, #79”, which is independent of velocity.) 
Their method is direct and should give excellent results 
within the limitations imposed by their choice of a single 
analytical form for the interaction potential of all the 
non-polar gases which they consider, and by the validity 
of classical mechanics in treating the transport phenomena. 
Amdur used an indirect approach in calculating S,,x 
and Spa,1) by assuming that, at any given value of u, the 
ratio of these cross sections to the classical total collision 
cross section, S, is the same for a real gas as for a gas of 
hard spheres. In the latter case, G(@) =7,?/4, and since 


S=2r G(6) sinéd@, (3) 


the desired ratios are S,,x/S=% and Spq,1)/S=}4. For real 
gases, S, as calculated from Eq. (3), is infinite if G(@) is 
calculated from classical mechanics which does not allow 
for the diffraction effects which predominate at sufficiently 
small angles of scattering. Massey and Mohr‘ have shown, 
however, that classical mechanics may be used to calculate 
proper classical values of S by limiting the integration in 
Eq. (3) to angles greater than the “critical scattering angle, 
6... This angle, above which diffraction effects are negli- 
gible, is equal to \/(2ro) where \ is the deBroglie wave- 
length of the colliding system. Amdur’s method reduces to 
calculation of total classical collision cross sections for 
real gases from 


on the basis of classical two-body collision theory, and use 
of the hard sphere ratios of 3 and } to obtain values of 
S,,x and Spq,1) appropriate to the real gas. 

The manner in which values of the velocity dependent 
cross sections are used to obtain actual transport properties 
does not differ in the two approaches. Both methods calcu- 
late transport cross sections which are functions of tempera- 
ture by averaging over the Maxwellian distribution of ve- 
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locities, and then substitute these temperature dependent 
cross sections into the classical transport equations of 
Chapman and Enskog.® 

One would not expect Amdur’s indirect approach to be 
capable of the same accuracy as that of Hirschfelder, Bird, 
and Spotz. The method does seem, however, to permit 
greater flexibility in the choice of forms for the potential 
energy function and does not require numerical integra- 
tions. The good agreement between calculated and experi- 
mental values for the transport properties of the five rare 
gases (for example, for viscosities in the range 14°-550°K 
the average absolute deviation is 4.8 percent) would appear 
to justify the assumptions used to obtain quantities such 
as S,, x and Spc, 1) as functions of v. This seems particularly 
likely since care was taken to use potential energy functions 
whose constants were not evaluated from experimental 
values of the transport properties which were being 
calculated. 

1J. O. Hirschfelder, R. G. Bird, and E. L. Spotz, J. Chem. Phys. 
Chem. Phys. 15, 482 (1947); 16, 190 (1948). 

. Kennard, Kinetic Theory of Gases (McGraw-Hill Book Com- 


09383," W. Massey and C. B. O. Mohr, Proc. Roy. Soc. Al41, 434 


an, Phil. Trans. Roy. Soc. A211, 433 (1912); A216, 279 
(ois): ats (1917). 
*D. Enskog, Kinetische Theorie der Vorgange in massig verdunnten 
Gasen, (Inaug. Diss., Upsala, 1917). 


The Transport Properties of Non-Polar Gases 


J. S. ROWLINSON 
Physical Chemistry Laboratory, Oxford University, England 
November 4, 1948 


N the October issue of this Journal, Hirschfelder, Bird, 
and Spotz! (HBS) have published extensive tables for 
calculating the viscosity and thermal conductivity of gases 
whose molecules have a van der Waal’s interaction poten- 
tial of the form E(r) = Ar~"— Br-*, Their tables now enable 
such data to be analyzed with almost the same precision 
as has been applied to second virial coefficient data since 
1924. The purpose of this note is to report an independent 
and almost simultaneous investigation of the same problem 
which, although different approximation methods were 
used, confirms the results of these authors. 

The dynamics of an encounter were treated by a method 
similar to that of Burnett.? His treatment could not be 
followed exactly as some of his substitutions are valid for 
repulsive force-fields only. x, the angle of deflection, was 
computed as a function of two variables a and g. In the 
notation of HBS, a is given by 


a=1+(1+K)? (cf. HBS Eq. (43)), 
where K is the ratio of the relative kinetic energy to the 
maximum energy of interaction. g is a measure of 1/), 


where 6 would be the distance of closest approach if E(r) 
were everywhere zero, and is given by 


= q(a/ 2 ys. 


For head-on collisions, g=1, and when molecules pass at 
infinite distance g=0. For each value of a and q, x was 
computed by Gauss’ method of approximate quadrature, 
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using 6 ordinates. To avoid the complications of incipient 
“orbiting,” the viscosity was only found for k7/e20.5 
(HBS kT/e20.3). The largest value of x was 475°. A 
function of sin?x, denoted by J (as in Eq. (6) of Burnett 
and corresponding to S“(K) of Eq. (53) of HBS) was then 
found by integration by Gauss’ method, using 5 ordinates 
in each of the following ranges of g, 1.00-0.95, 0.95-0.90, 
0.90-0.40, and 3 ordinates in the range 0.40-0.00. Finally 
the J terms were summed by the most accurate of Burnett's 
formulae (4-terms). Empirical formulae were used to give ~ 
J as f(a) and interpolation was used at many of the tem- 
peratures. It is readily seen that }2,J, should be identical 
with W*(2) of HBS. The two are compared in Table I. 


TABLE I. 


0.9 10 8 1.2 1.4 1.6 
1.410 1.312 1.241 
1.452 1.353 1.279 


3.0 3.5 4.0 
1.022 0.9864 0.9547 


kT/e 0S 06 07 08 
$2nsJs 2.300 2.085 1.916 1.773 1.651 1.554 
W(2) 2.257 2.065 1.908 1.780 1.675 1.587 


kT/e 18 20 22 24 26 238 
32nJe 1.190 1.105 1.118 1.083 1.064 1.042 
W222) 1.221 1.175 1.138 1.107 1.081 1.058 1.039 0.9999 0.9700 


kT/e 4.5 5.0 5.5 6.0 7.0 8.0 9.0 10.0 
3ZnJe 0.9403 0.9262 0.9074 0.8950 0.8740 0.8562 0.8406 0.8265 
W(2) 0.9464 0.9269 — 0.8963 0.8727 0.8538 0.8379 0.8242 


The viscosity may be calculated from either of these 
functions by using Eq. (7) of HBS. No attempt was made 
to compute the small correction factor V, as (V—1/V) is 
less than the probable error in W?(2). 

In view of the length and complexity of these calcula- 
tions, and the different methods used in each laboratory, 
the agreement is very satisfactory. The differences are 
small and irregular, and are almost certainly due to in- 
accuracy in the interpolation formulae used in this work 
and to the use of methods which were essential in a single- 
handed computation. 

1J.0. een. R. B. Bird, and E. L. Spotz, J. Chem. Phys. 16, 


968 (194 
2D. = Proc. Camb. Phil. Soc. 33, 363 (1937). 


Effect of Temperature on Mass Spectra 


D. P. STEVENSON 
Shell Development Company, Emeryville, California 
November 1, 1948 


N a recent communication with a title similar to that 

of the present one, Fox and Hipple! describe the effect 
of temperature on the mass spectrum of isobutane. It is 
the object of this note to indicate the nature and origin 
of their observations. 

An increase of temperature has two observable effects on 
the mass spectra of the substances thus far studied. These 
are: 

1. The specific intensity of all ions decrease with in- 
creasing temperature. 

2. The specific intensities of the ‘parent ion” decrease 
more rapidly with temperature than do the specific in- 
tensities of fragmentary ions, and within the accessible 
temperature range (75-350°C) this effect is more pro- 
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Fic. 1. The variation of specific ion currents (i+) with absolute 
temperature (T) for various simple ions (Westinghouse type LV mass 
spectrometer, 75-volt ionizing electrons). Although the specific current 
units are arbitrary, the same units have been used for all substances 
and thus are consistent with the relative sensitivities of the various 
substances. The temperatures have been normalized to ‘‘room tempera- 
ture’’ (25°C) to provide a more convenient scale. 


nounced for complex than for simple molecules. The 
largest effects have been found in the mass spectra of 
branched chain paraffins. 

Both 1 and 2 have their origin in the increase in energy 
of the molecules associated with the increase in tempera- 
ture. The increase in kinetic energy ($k7T) is the source of 
effect 1, while the increase in internal (vibrational) energy 
brings about effect 2. 

The increase in kinetic energy of the molecules results 
in a decrease in the average number of molecules in the 
ionization chamber since the flow of gas through the mass 
spectrometer tube is effusive. This results in the ion cur- 
rent being proportional to 7~+. The increase of kinetic 
energy further results in the ions being formed with greater 
initial kinetic energy and since the discrimination losses in 
the ion source increase as J}, the observed ion current 
decreases as (1—aZ4), where a is a function of the ion 
source geometry, the ion accelerating fields, and the mag- 
netic fields across the ionization chamber.? Thus the de- 
crease of ion current with temperature is expressed as 


Equation A has been found to represent the temperature 
variation of the ion currents in the mass spectra of neon, 
argon, krypton, nitrogen, and carbon dioxide over, 
335< T<£ 593°K. This may be seen from Fig. 1, where 
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iX(T/298)* is plotted against (7/298)! for selected ions. 
It will be noted that for the rare gases (argon and krypton), 
the formula for the temperature variance of specific ion 
current fits singly and double charged ions equally well. 

The increase in internal energy that accompanies in- 
creasing temperature results in an increased fraction of the 
molecules of a substance being in configurations which 
permit excitation to energy levels above dissociation limits 
of the states of the molecule-ion. This results in a larger 
fraction of the molecule-ions produced by electron impact 
dissociating, and thus the parent ion forms a smaller frac- 
tion of the total ion current. This effect, (2), is related to 
the greater probability of the breaking of C—H bonds 
than of C—D bonds in deutero-hydrocarbons.* 

In Table I there are given the ratios, i,+/2Zi,*, where 
ip* =specific intensity of parent ion, 7,+=specific intensity 
of any ion, and the summation is over all ions, including 
tp‘, in the mass spectra of a number of hydrocarbons for 
T =340, 440, and 540°K. This ratio equals the fraction of 


TABLE I. Effect of temperature on the fraction of the mass 
spectra due to parent ions. 


75-volt ionizing electrons 
Substance 


Methane 


Acetylene 26 0.796 0.792 0.788* 
Acetylene-d2 28 0.829 0.821 0.820* 
Ethane 30 0.164 0.152 0.135 
Propane 44 0.154 0.132 0.108 
n-Butane 58 0.095 0.071 0.048 
#-Butane 58 0.0295 0.0204 0.0117 


ee aaa weight of parent ion. 
=575°K. 
ions formed which do not dissociate. These data were ob- 
tained with a Westinghouse type LV mass spectrometer, 
i.e., the same type used by Fox and Hipple.! The spectra 
were recorded by varying the magnetic field, and the ion 
intensities were not corrected for ion source discrimination. 
As would be expected, the less rigid the molecule the 
greater is the effect of temperature on the probability of 
dissociation of the molecule ion, i.e., the smaller the frac- 
tion of ions which do not dissociate. 

1R. E. Fox and J. A. Hipple, J. Chem. Phys. 15, 208 (1947). 

2 For discussions of ion source discrimination, see Norman D. Cogges- 


hall, J. Chem. Phys. 12, 19 (1944); H. W. Washburn and C. E. Berry, 
Phys. Rev: 70, 559 (1946). . 

3 The differences in the mass spectra of such isotopic molecules arise 
in part from the greater amplitude of the zero-point vibrations of the 
—H bonds than of the —D bonds. See Evans, Bauer, and Beach, 
J. Chem. Phys. 14, 701 (1946); N. Bauer and J. Y. Beach, J. Chem. 
(gay) 15, 150 (1947); David P. Stevenson, J. Chem. Phys. 15, 409 


The Phase Transition and the Piezoelectric 
Effect of KH,PO, 


T. NAGAMIYA AND S. YOMOSA 
Department of Physics, Osaka University, Japan 
November 1, 1948 


NOMALOUS behaviors of the dielectric constants? 
and the phase transition® at 122°K of KH2PO, were 
treated by the methods of statistical mechanics by Slater* 
and others.5* In this crystal, PO, groups are linked by 
hydrogen bonds which are directed nearly parallel to the 
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axis a or b. In Slater’s model it is assumed that two hydro- 
gen atoms (or protons) out of the four hydrogen bonds 
linking each PO, group to its neighbors lie nearer to it, 
and the resulting (H2PO),- group has a dipole moment 
directed to one of the crystalline axes. Further, it is as- 
sumed that the energy of the crystal in the absence of 
external electric field is given by the number of those 
dipoles which are perpendicular to the c axis multiplied by 
a constant e The number of configurations with the same 
energy and the same polarization was calculated by an 
approximate method, and a unique type of transition was 
predicted. His theory does not, however, account for the 
anomaly of the piezoelectric effect which was also ob- 
served*7 and was found to be very similar to the anomaly 
of the dielectric constants, although he considers it to be 
the primary cause of the A-type broadening of the transi- 
tion temperature. We must expect a close relationship 
between them. 

Instead of assuming the energy of the (H2PO,)~ dipoles 
directed to +c and that of the dipoles directed to —c as 
being equal, we took them in the form 


€4= —€9—BXy, and €_= (1) 


respectively, where ¢9 and 8 are constants and €o stands for 
Slater’s e. xy is the strain of the crystal. The assumption 
(1) is consistent with the point group symmetry of the 
crystal, Vz. Denoting the dipole moment associated with 
a (H2PO,)~ group by uy, the external electric field by E, 
and the normal elastic constant corresponding to x, by 
Na, where N is the number of molecules of the crystal of 
unit volume, we can write the energy of the crystal as 


U= Nye, + N_e_—(N,— N_)pE+}Nax,’, (2) 


N, and N_ being the numbers of (H2PO,)~ dipoles which 
are parallel to +c and —c, respectively. To (2) we further 
added the term which is due to the induced polarization, 
and the term which represents the normal piezoelectric 


effect, namely, 
(3) 


xi and ¢, being constants. The writers believe that the 
problem of the local field is cared for by the inclusion of 
the terms (3) and that the inclusion of the local field 
factor a in the form x=axXo+X: for the susceptibility, as 
was done by Slater, is not correct. 

Combining the energy given above with the entropy 
formula derived by Slater, and minimizing the free energy 
with respect to N, and N_, the equations for describing 
the equilibrium state can be obtained. Further, the po- 
larization p in the direction of the c axis and the stress 
component X, are derived from the free energy A through 
the equations 


P=—0A/dE= (4) 
X= —0A /dx, = — Naxy+ NBz+ hE, (5) 

where z=(N,—N_)/N. 
The nature of the phase transition is practically the 
same as that predicted by Slater’s theory in that the transi- 


tion is accompanied by a latent heat and that the crystal is 
abruptly and spontaneously polarized below the transition 
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temperature. However, our theory predicts a further fact 
that the crystal is spontaneously deformed with a constant 
shearing strain x,=8/a below the transition temperature. 
In fact, the relation 
xy/2=B/a (6) 

always follows from (5) when there is no stress and no 
external electric field. 

From the condition of the minimum of the free energy 
we have 


2 expl — (8x, 


If we substitute this into (4) and (5) and assume x, and E 
to be small, we can derive the following equations: 


P=xE—dyXy and y, (8) 


with 
x= 
d36= (Bu’/ax) /(D—26)+$1/Ne, (9) 


S66 = (6?/ Na?) /(D—26)+1/Nea; 
D=kT(2e!*?—1), 26=6/a, (10) 


The three quantities of the Eqs. (9) can be written approxi- 
mately in the form A/(T—T.)+B for the temperature 
range above the transition temperature which is of prac- 
tical interest. The following numerical values explain all 
the results of Mason’s? measurements: 


B/a=6.8X = 23’ in angle, 

Na =7.04X 10[1— (T—T.) X 6.7 X 10-*] dyne/cm*, 
€o= erg, 
pw’ =1.55X c.g.s.e.s.u. 


Figure 1 shows the computed and the measured elastic 
constant, the dotted curve corresponding to the constant 
value of Ne (the term proportional to T—T,. given above 
being omitted), and the full curve corresponding to Na 
given above. The Curie point-of the clamped (i.e., strain- 
free) crystal is lowered by 3.5° as compared with that of 
the stress-free crystal, in agreement with Mason’s result. 
A somewhat greater value of the dipole moment y’, which 
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is practically equal to x, compared with that which can be 
derived from the Busch! measured spontaneous polariza- 
tion, namely, 1.25X10~8, is to be interpreted as due to 
that not all the domains are parallel to the field in his 
experiment, or otherwise, as due to the experimental 
errors. 

A detailed account will be published in Journal of the 
Physical Society of Japan or in Progress of Theoretical 
Physics. 

1G. Busch, Helv. Phys. Acta 11, 296 (1938). 

2'W. P. Mason, Phys. Rev. 69, 173 (1946). 

. C. Stephenson and J. G. Hooley, Phys. Rev. 56, 121 (1939); 
J. Am. Chem. Soc. 66, 1397 (1944). 

4J. C. Slater, J. Chem. Phys. 9, 16 (1941). 

6H. Takahasi, Proc. Phys.-Math. Soc. Japan 23, 1069 (1941). 

6 Y. Takagi, Sdbutu Kaisi (the Japanese journal of the Phys.-Math. 
Soc. of Japan) 17, 280 (1942). This paper treats the theory of the di- 


electric constant in the direction of the a axis. 
7W. Liidy, Zeits. f. Physik 113, 302 (1939). 


Fundamental Vibrational Frequencies and Ther- 
modynamic Functions for Vinylacetylene, 
Revised Thermodynamic Functions for 
Hydrogen Cyanide, and Thermo- 
dynamics of Two Reactions 
Involved in the Synthesis 
of Acrylonitrile 


RoBert F. STAMM, FREDERICK HALVERSON, AND JOHN J. WHALEN 


Stamford Research Laboratories, American Cyanamid Company, 
Stamford, Connecticut 


November 12, 1948 


HE Raman'?and infra-red’ spectra of vinylacetylene 
(Fig. 1) have been reported in the literature, but no 
consistent assignment of the vibrational frequencies has 
been given. Using the recently published assignment for a 
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TABLE I. Fundamental vibration frequencies for vinylacetylene. 


Description 
Planar 


=C —H stretch 
=C —H stretch 
C=C stretch 


C=C stretch 
= deformation 


— rock 
=CHe rock 
C—C stretch 
=C —H bend 
C =C —C bend 
C—C=C bend 


Non-planar 


3 —C wag 
=C torsion 


Cc 
Cc 
Cc 


G=c bend 


* Reference 1. 
Reference 3. 
Estimated. 


structurally similar molecule, acrylonitrile,* as a basis, a 
reasonable choice for the fundamental vibrational fre- 
quencies of vinylacetylene can be made. This choice of 
frequencies, together with an approximate description of 
the vibrational modes, is given in Table I. The planar and 
non-planar bending vibrations of the C=C—H group 
have been assumed degenerate, with the frequency 615 

Using these frequencies and assuming the structural 
parameters given in Fig. 1, the thermodynamic functions 
calculated by the rigid rotator’-harmonic oscillator® ap- 
proximation for vinylacetylene in the ideal gas state under 
one atmosphere pressure are given in Table II. 

Values of the functions (H°—Hpo°)/T, (F°—Ho°)/T, 
and S° for HCN calculated by the rigid rotator’-harmonic 
oscillator* approximation, and by making corrections for 
anharmonicity, interactions, stretching, and integration 
error according to the method of Wagman et al.,” are given 
in Table III. Spectroscopic values given by Herzberg*® 
were used (v;= 2089.0, v2»=712.1, v3 =3312.0 d:=1, 
d3=1; a1 =9.3X 10, a2 = —7X 104, a3 = 10.8 X 10°; 
Bio = 1.4784 cm™, D= +3.3X 10-6, X11. = — 52.0, X12 =4.2, 
X13=14.4, Xe2=2.85, X23=19.53, X33=55.48). A com- 


TABLE II. Thermodynamic functions for 
vinylacetylene (cal./mole/deg.). 


Absolute 
temperature 


298.16 
300 


H°—Ho°/T --(F°—Ho°)/T 


3305* 
3102* 
—| (3080)*** 
3012* 
v6 
1288* 
1090** 
> 875* 
"17 219* 
v0 950** 
"3 678* 
CHe wag 935** 
615** ] 
"16 309* 
| 
1 
‘ 
‘ 
‘ 
1 
i 
4 i20 
i 
x 
| 
P| 17.49 11.67 55.11 66.77 ‘ 
17.57 11.70 55.18 66.88 
400 21.26 13.65 58.82 72.47 
t 500 24.25 15.48 62.06 77.54 
600 26.67 17.09 65.03 82.12 
| 3 ge 
900 31.87 21.16 72.82 93.97 
D0 300-400 500 600 700 800 900 1000 1000 33.16 22.39 75.10 97.48 
Tk 1500 37.52 26.78 85.07 111.85 
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Tasxe III. Values of thermodynamic functions for HCN in the ideal 
gaseous state (calories /deg. /mole).* 


TK (C,° (H°—Ho°) /T —(F°—Ho°)/T s° 

I* | II Ill I Il III 
298.16 8.58 7.41 7.408 7.410 40.80 40.811 40.763 48.22 48.219 48.173 
300 8.59 7.42 7.416 7.413 40.85 40.856 40.810 48.27 48.272 48.223 
400 9.38 7.82 7.8175 7.812 43.04 43.046 42.997 50.85 50.863 50.809 
500 9.98 8.19 8.199 8.191 44.82 44.832 44.781 53.02 53.031 52.972 
600 10.47 8.53 8.544 8.534 46.35 46.356 46.305 54.88 54.900 54.839 
700 10.91 8.84 8.859 8.848 47.69 47.697 47.646 56.53 56.556 56.494 
800 11.30 9.12 9.149 9.134 48.89 48.898 48.845 58.01 58.046 57.979 
900 11.65 9.39 9.4185 9.401 49.98 49.9895 49.936 59.36 59.408 59.337 
1000 111.97 9.63 9.670 9.649 50.98 50.993 50.941 60.60 60.663 60.590 


* The values in columns or amg by I were calculated by the tari oscil- 


stan’ 


parison of these thermodynamic values with those calcu- 
lated by Gordon® using his method"® and slightly different 
spectroscopic data are also included in Table III. (Gordon's 
values have been corrected by the writers for changes in 
the best values of the fundamental and derived constants.*5) 

Using these functions and relevant data from the litera- 
ture, free energy changes and equilibrium constants have 
been calculated for two of the possible reactions in mix- 
tures of acetylene and hydrogen cyanide. 

I. HCN(g)+HCCH(g) =H2zCCHCN(g). Data obtained 
in these laboratories" on the heats of combustion (AH29s(1 
atmos.) = — 420.82 kcal.) and vaporization (AH293 = +7.850 
+0.050 kcal.) of acrylonitrile, combined with the stand- 
ard’ heats of combustion for C (graphite) and H2(g), yield 
+44.040 kcal. as the heat of formation for HXCCHCN(g) 
at 25°C. Heats of formation for HCN(g) and HCCH(g) 
at 25°C are taken to be +31.00 kcal.? and +54.194 
+0.190 kcal.’, respectively. Using these values we obtain 


HCN(g)+HCCH(g) = HzCCHCN(g) ; 
AHo3= — 41.154 kcal./mole. 


From the values of (H°—H °/T) for these substances* 
A(H° — Ho°) 298.16 = — 1.383 kcal. =AH°—AH,’. 


Lacking data necessary to correct for gas imperfections we 
set AHo93 = AH “293.16, thus getting AH,° = — 39.771 kcal. / 
mole as the difference in zero-point energies. This constant 
is employed with the values of (F°—H»°/T) for the three 
substances*’ to obtain the values of AF° and logK, given 
in Table IV and Fig. 2 for various temperatures. 


TABLE IV. eo energy changes and equilibrium constants for 
the reactions: 1. HCN@) +HCCH(g) =HeCCHCN(g); II. 2HCCH(g) 
=H»CCHCCH(g). 
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AF° logKp 

T°K I II Il’ 
298.16 —31,986 —26,900 23.4453 19.72 
—31,932 —26,900 23.2624 19.59 
—28,799 —23,900 15.7349 13.06 
500 —25,586 —20,800 11.1835 9.09 
600 —22,335 —17,800 8.1354 6.48 
700 —19, —14,700 5.9523 4.59 
800 —15,779 —11,600 4.3161 3.17 
900 —12,519 — 8,500 3.0400 2.06 
1000 — 9,261 — 5,400 2.0240 1.18 


Fic. 2. Structural parameters for vinylacetylene. 


II. 2HCCH(g) = H2sCCHCCH(g). The writers could find 
no experimental heat of combustion value for vinyl- 
acetylene. However, calculation of AH2: for reaction I 
using Pauling’s! table of bond energies yields a value only 
0.05 kcal. less than the experimental one. Because of the 
structural similarity of the compounds involved, it is as- 
sumed that the value AH2; = — 35.6 kcal. /mole calculated 
for reaction II using bond energies” is good to +0.5 kcal. 
Combination of this AH with the values of (Ho— Ho°/T) 291° 
yields AHo° = — 34.3 kcal./mole for reaction II. The values 
of AF® and logK, calculated for reaction II using this 
AH,’ are given in Table IV and Fig. 2. 


1G. Glockler and H. M. Davis, J. Chem. Phys. 2, 881 (1934). 

2 P. Ganswein and R. Mecke, Zeits. f. Physik 99, 189 (1936). 

(sean Bartholomé and J. Karweil, Zeits. f. physik. Chemie B35, 442 

4F. Halverson, R. F. Stamm, and J. J. Whalen, J. Chem. Phys. 16, 
808 (1948). 

5 Working equations given by Wagman et al., J. Research Nat. Bur. 
Stand. 34, 143 (1945) were used for the translational and rotational 
contributions. 

6 Tables given by J. G. Aston in Taylor and Glasstone, Treatise on 
Physical ery: (D. Van Nostrand Company, Inc., New York, 
1942), Vol. I, p. 655, were used. 

7D.D. Wagman et al., J. Research Nat. Bur. Stand. 35, 467 (1945). 
8G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules 
(D. Van Nostrand Company, Inc., New York, 1945), p. 280. 
9° A. R. Gordon, J. Chem. Phys. 5, 30 (1937). 

10 A. R. Gordon, J. Chem. Phys. 3, 259 (1935). 

1 A. B. Bestul and D. J. Salley, American Cyanamid Company Tech- 
nical Data Sheet (Dec., 1947). 

2L, Pauling, The Nature of the Chemical ng (Cornell University 
Press, Ithaca, New York, 1939), pp. 53 and 1 


| On Rotation in Ammonium Halides 


E. L. WAGNER AND D. F. HorniG 


Metcalf Laboratories, University, 
Providence, Rhode Island 


October 18, 1948 


LTHOUGH thermodynamic evidence! has been ob- 
tained which is opposed to the notion that the phase 
transition in NH,Cl is due to the onset of free rotation of 
the NH,* ions, Beck’s grating studies? of the 1750-cm™ 
bands in the infra-red spectra of NH,Cl and NH,Br 
showed fine structure in both room and low temperature 
phases which he interpreted as evidence of rotation. 

We have studied the spectrum of both salts and of 
ND.Cl in the temperature range, 28°C to —190°C, and 
find no evidence of rotational structure in any of the salts 
in either phase. The 1750-cm™ band obtained with NH,Cl 
is shown in Fig. 1. The spectra of the other salts are similar, 
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Fic. 1. band of NH«Cl. 


Our resolution in this region was better than 5 cm~! and 
the reported rotational spacing was about 15 cm7. 

It seems clear that the structure previously obtained 
was due to water vapor. Although the peaks reported do 
not coincide with water vapor peaks, the approximate 
separation is the same and we have observed that in 
spectra taken point by point apparent peaks are fre- 
quently obtained on the steep sides of lines in the back- 
ground spectrum. Furthermore, it is noteworthy that 
although the band center in the bromide occurs at a fre- 
quency 50 cm™ lower than in the chloride, peaks were 
reported at identical frequencies in both spectra. 

Our data show no evidence of rotation in either phase. 
We have been able to interpret the major features of the 
low temperature infra-red spectrum of NH,CI on the basis 
of a body-centered lattice in which all NH,* tetrahedra 
are similarly oriented, and the NH,Br spectrum on the 
basis of a similar structure in two dimensions but with a 
screw axis replacing translation in the third dimension 
(i.e., space group D,,°). The splitting of the triply de- 
generate mode at 1400 cm™ constitutes our chief evidence. 
These structures are both in accord with optical, piezo- 
electric, x-ray and Raman data obtained on these crystals.* 
The fact that the spectra of the room temperature phases 
of the two compounds are almost identical suggests that 
the room temperature modification of both salts has the 
same structure, in which the NH,* ions are randomly dis- 
tributed between the two possible orientations, and that 
the phase transition is a simple order-disorder transition. 

Experimental work on ND,Br is in progress and more 
detailed data and analysis will be published shortly. 


A. W. Lawson, Phys. Rev. (1940). 
: €. Beck, J. Chem. Phys. 12, 71 (1944). 
3A. C. Menzies and H. R. Mills, Proc. Roy. Soc. (London) 148, 407 
(1935). These data are conveniently summarized in this article. How- 
ever, the NH4Br model used by these authors does not account for the 
splitting of the 1400-cm~! mode. 


Physical Adsorption on Non-Uniform Surfaces 


TERRELL L. HILL 

Department of Chemistry, University of Rochester, Rochester, New York 
November 11, 1948 

N a recent paper! with the above title, G. Halsey has 

discussed several aspects of adsorption including the 

BET theory and “cooperative adsorption.” The writer 

would like to make a few comments on these two points, 
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Halsey makes the following statement which, it seems to 
the writer, may lead to some confusion: “‘: - - the hypotheses 
of the BET theory iead to substantially no adsorption be- 
yond the first layer if E2.=Ez, and stepwise isotherms if 
E,\>E2>E;--->E,.”’ Now actually the hypotheses of the 
BET theory* lead, as is well known, to multimolecular ad- 
sorption for any value of the BET constant c for p/po 
sufficiently close to unity, and in no case to stepwise iso- 
therms. Halsey’s statement actually refers to a mixture of 
BET hypotheses and somewhat refined hypotheses. In 
summary, although the BET model assigns extremely un- 
realistic properties? to the liquid state, the model does 
lead to multimolecular adsorption. The present writer, in 
other words, is by no means defending the BET model, 
but is defending the deductions which have been made 
from the model. 

Halsey discusses cooperative adsorption (i.e., adsorption 
in which horizontal as well as vertical interactions are 
taken. into account so that condensation phenomena are 
possible?) and in this connection accepts the reality of 
stepwise adsorption near the surface—although he feels 
that the non-uniform nature of the surface will tend to 
smooth out these steps. This is a new and interesting point 
of view. It should be pointed out, however, that a closely 
related approximate quantitative approach to the problem 
of “cooperative” adsorption on a uniform surface (for 
mathematical simplicity) has already been given,’ though 
not mentioned by Halsey in his discussion of cooperative 
adsorption. Stepwise adsorption was encountered in the 
mathematical equations and was discussed, although it 
was not felt that the model was sufficiently refined to come 
to a definite conclusion concerning the physical significance 


of this aspect of the approximate theory. 
1G. Halsey, J. Chem. Phys. 16, 931 (1948). 
2 These can probably be outlined most clearly in terms of a statistical 


mechanical model. : (1) T. L. Hill, J. Chem. Phys. 14, 263 (1946), 
Eqs. G)- —(5), (28) (29), and Fig. 1; (2) J. Chem. Phys. 15, 767 (1947), 


oe a Hill, J. Chem. Phys. 15, 767 (1947). 


A New Equation for the Non-Stationary 
Shock Wave 


F. Cap 
Davos-Platz, Switzerland 
November 2, 1948 


N analogy to the “Stofpolare’”’ of Busemann! for the 
stationary shock wave of two dimensions I found an 
equation for the non-stationary shock wave of one di- 
mension. 
We start from the well-known hydrodynamic equations 


(1) 
(2) 

(w—a) 

where w is the speed of the shock wave, u the velocity of 
the gas, p the density, p the pressure, a the velocity of 
sound, and a?/u—1=i, the enthalpy of a perfect gas; the 
bar refers to the quantities behind the shock wave. By 


If 


106 
NHAC! 
-06 

+ | 275 —-—-— 20 w 
10 (i 

dt 

“4 
1800 750 1700 
FREQUENCY @ WAVES PES CH 
H 
in 
De 
th 
je 
co 
m 
qu 
lo 
m 
or 
in 
be 
: th 
an 
we 
al 
of 
po 

fac 
th 
po 
th: 


LETTERS TO 


dividing (2) by (1) one obtains 
- 


where use has been made of the relation a?=up/p. For 
large values of a(@>a) we have the limiting relations 
(if u=0) 


If k=1.40 (air), we have 

i/4=1.89(w/a) = 2.272 = 1.20. 


A comprehensive publication of this topic will appear in 
Helvetica Physica Acta. Since sometimes the opinion is 
expressed that there is no limiting law for w, it might be of 
interest to point out that there is such a limiting relation. 


1 Lectures in the department of aerodynamics, Aachen 1929. 


The High Frequency Factors of 
“Unimolecular” Reactions 


M. Szwarc 
Department of Chemistry, University of Manchester, Manchester, England 
November 18, 1948 


T was shown by Polanyi and Wigner! that the fre- 
quency factor of unimolecular reactions should be of 
the order 10" sec.—!. The further elaboration of this sub- 
ject? introduced various coefficients (e.g., the transmission 
coefficient, the quantum restrictions, and so on), which 
may account for the changes in the magnitude of the fre- 
quency factor, and in particular enable us to explain the 
low values of this quantity. Indeed, a review of the experi- 
mental data shows that the frequency factors of the 
“true” unimolecular reactions are preferentially of the 
order of 102-10" sec.—, and the data obtained for reactions 
in which molecules are decomposed by the breaking of one 
bond only? are especially illuminating. 

It was claimed, however, that in some “unimolecular” 
reactions (these include decomposition of some explosives) 
the frequency factors attained values as high as 10% 
sec.-1.* As the treatment mentioned before does not offer 
any explanation of such high values of the frequency factor, 
we suggest here an approach which, we hope, will provide 
a basis for further elaboration. 

In order to illustrate our suggestion we shall make use 
of a purely hypothetical scheme for the thermal decom- 
position of propylene as follows: 


+H, (1) 
(2) 
(3) 

The investigation of the pyrolysis of propylene‘ seems in 
fact to indicate that the reactions (1), (2), and (3) represent 
the first steps in the thermal decomposition of that com- 


pound. Let us now assume that reaction (3) is much faster 
than reaction (2), while the latter is much faster than 
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reaction (1), and that reaction (2) is the only one which 
consumes allyl radicals. Such assumptions lead to a de- 
composition mechanism in which the allyl radicals do not 
attain the stationary concentration. Their concentration 
increases as a consequence of reaction (1), whereas the 
net result of the reactions (2) and (3) does not affect the 
concentration of allyl radicals. 

To find the rate of the over-all reaction we shall discuss 
first a special case, in which the percentage of decomposi- 
tion is kept so low that we can consider the concentration 
c of propylene as a constant throughout the whole time of 
the reaction (this can be achieved by using a very short 
time of contact). The rate of formation of allyl radicals is 
given by 2k,-c,** and the concentration of allyl radicals 
after time ¢ is, therefore, 2ki-c-#. The rate of the over-all 
reaction (which on our assumptions is equal to the rate 
of formation of allene or H2) is, therefore: 


rate of the over-all reaction = k** = 2k;-ko-c-t. 


Let us examine this result more closely. The rate of the 
reaction is proportional to the first power of the concentra- 
tion of propylene, and the reaction is, therefore, of the 
first order for a constant time of contact. On the other 
hand, the constants k; and kz represent the constants of 
the “true” unimolecular reactions (1) and’ (2), and thus 
they will have frequency factors of the order of 10-10" 
sec.—!, and energies of activation E; and E», respectively. 
As a result, k** will. have a frequency factor of the order 
of 107-10 sec.—!, and an energy of activation 

We suggest that this type of reaction is responsible for 
the very high frequency factors found for some “uni- 
molecular” decompositions. This type of reaction is 
further characterized by the increase of the rate with the 
time, which is a principal feature of the decomposition of 
explosives, and can be expressed in another way by the 
statement: the quantity of material decomposed is pro- 
portional to the square of time. 

The generalization of this example is quite simple. The 
conditions which must be fulfilled in order to obtain the 
required kinetics are: 


1. The molecule A decomposes into B and C; B decomposes easily 
into the molecule D and a reactive species Ci, while both C and Ci react 
ne with A, regenerating B. 

2. The decomposition of B should be much more probable than any 
other reaction in which B can participate. This demands a very low 
reactivity of B and a very low energy of activation for its decomposi- 
pm leads in consequence to the non-stationary state for the spe- 

ies 


In the case discussed the reactivity of the allyl radical 
is very low (the radical is stabilized by its high resonance 
energy), and it is probable that at a high enough tempera- 
ture and a very short time of contact the required condi- 
tions would be fulfilled. 

The discussion of these kinetics for the case not re- 
stricted to a very low percentage of decomposition reveals 
some interesting features. Returning to our example, let us 
denote the initial concentration of propylene by Cy and the 
concentration of allyl radicals and allene after time ¢t as ¥ 
and y, respectively. The previously suggested mechanism 
leads to the following system of differential equations: 


dx /dt = 2k1-(Cyo—x—y) (a) 
dy/dt =kz-x. (b) 
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These can easily be solved by differentiating (a) and sub- 
stituting in the resultant equation for dy/dt from (b). We 
thus obtain: 


and the initial conditions are that for t=0, x=0, and 
dx/dt=2k,-Co. Since our initial assumption was that 
k2>k:, the discriminant k,?—2k,k2 is negative and, there- 
fore, the solution has a form similar to that obtained for a 
damped oscillator 


x = sin: (at), 


where ao? = 
The solution for y is obtained by simple integration: 


y=Co—Co/a- (a-t+2), 
where 
sind =a/(2ki 


As can easily be verified, both y and dy/dé are 0 for ¢=0. 
Therefore, for very small values of ¢t, y is given by the 
square term of Taylor’s series, i.e., 


-P=k,- ko: *Co° “2. 


The appearance of the trigonometric functions in chemi- 
cal kinetics is rather unusual. It should be noted, however, 
that since obviously x+y cannot be greater than Cy the 
expressions given above break down at a time ty<7/2a, 
i.e., before sin(a-#) reaches its maximum value of 1. 


* I am indebted to Professor C. E, H. Bawn for this information. 

** The factor 2 arises from reaction 6) which produces allyl radicals 
aay H atoms formed in reaction (1). 

M. Polanyi and E. Wigner, Zeits. f. physik Chemie A139, 439 (1928). 

2 See Glasstone, Laidler, and Eyring, The Theory of Rate Processes; 
The Kinetics of Chemical Reactions, ‘iscosity, Diffusion and Electro- 
oa Phenomena (McGraw-Hill Book Company, Inc., New York, 

2 Ziegler, Orth, and Weber, Annalen 504, 131 seven | Ziegler, Leib, 
Kuoevangel, and Anders, ibid. 551, 161 (1 ng E. T. Butler and 
M. Polanyi, Trans. Faraday Soc. 39, 19 (1943); M. Szwarc, J. Chem. 
Phys. 16, 128 (1947); and the following papers. 

4M. Szwarc, J. Chem. Phys. (in pend 


Ultraviolet Absorption Spectra of Phenanthrene 
in Various Solvents. 


WILLIAM FRANCIS MADDAMS AND ROBERT SCHNURMANN 


Physics Department, Manchester Oil Limited 
Manchester, England 


November 8, 1948 


N a recent letter Vodar and Robin! described the ultra- 
violet absorption spectra of phenanthrene dissolved in 
compressed gases (nitrogen and argon). They illustrate in 
the case of argon at constant temperature the displace- 
ment of the absorption bands as a function of the density 
of solvent, showing a red shift with increasing density. 

As part of a comprehensive program? on the ultra- 
violet absorption spectra of aromatic hydrocarbons, we 
examined phenanthrene’ in various solvents (iso-octane, 
ethyl alcohol, chloroform, and benzene) with the interesting 
result at room temperature of displacements of the ab- 
sorption bands (predominantly red shifts when using iso- 
octane as the reference solvent) of pronounced regularity 
(Fig. 1), and also of characteristic changes in the absorp- 
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tion intensities (expressed as A(logioe), where «= molecular 
extinction coefficient) of the various bands (Fig. 2). 

In agreement with the results obtained on other aro- 
matic hydrocarbons,‘ and in particular with the still more 
regular wave-length shifts in the absorption spectra of 
anthracene, there is no clear hint of the connection of this 
definitely existing solvent effect (even in cases where there 
is no chemical reaction taking place between the solute 
and the solvent) either with the dipole moment, or the 
refractive index, or the density of the solvent. ‘ 

In the present case the concentration of the phenan- 
threne solutions in iso-octane was 1 part in 272,440 by 
weight for the measurement of the short wave-length end 
of the spectrum, and 1 part in 1308 by weight for the long 
wave-length end. The accuracy of the wave-length deter- 
mination of the absorption peaks is within +4A, and the 
absorption intensities are determined to about +5 percent. 
It appears from Fig. 1 that the red shift at the long wave- 
length end of the spectrum is very small in ethyl alcohol, 
whereas it is considerable in chloroform and still larger in 
benzene. Table I shows that the distances between neigh- 
boring absorption bands are very similar in the four sol- 
vents except for bands A® and D, both of which exhibit a 
large red shift in chloroform and therefore give compara- 
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TABLE I. Distances between neighboring absorption bands in A. 


Distance between adjacent bands 
A-B B-C C-D D-E E-F F-G G-H H-I I-J 


223 114 62 83 78 
232 124 67 82 79 
[212] 123 74 82 79 
Benzene 125 84 81 


Solvent 


Iso-octane 
Ethyl alcohol 


Chloroform 


tively smaller distances from their long wave-length 
neighbors. 

Of some interest is also the percentage change in absorp- 
tion intensity on passing from iso-octane to one of the other 
three solvents. All three give rise to an increase in absorp- 
tion intensity at the long wave-length end of the spectrum 
(Table II), and only ethyl alcohol seems to weaken the 
absorption at the short wave-length end. 

TABLE II. Percentage change of absorption intensity in the ultra- 


violet spectrum of phenanthrene in various solvents both below and 
above 3000A as compared to phenanthrene in iso-octane. 


Maximum percentage change of absorption 


below above 
Solvent 3000A 


Ethy! alcohol -6 to —20 
Chloroform —3.5 to +15.5 
Benzene +9.5 to +10.1 


+3.5 to +17 
+9.1 to +40.4 
+32.3 to +45 


1B. Vodar and S. Robin, J. Chem. Phys. 16, 996 (1948). 

2R. Schnurmann and S. Whincup, Petroleum 8, 122 (1945). 

3 We are indebted to Dr. M. Sulzbacher of the Grosvenor Laboratory, 
London, for the synthesis of this particular sample of phenanthrene. 

4A detailed account of this work will be published elsewhere. : 

5 The phenanthrene bands are here lettered alphabetically beginning 
with A at the short wave-length end of the spectrum. 


An Effect of Isotopic Mass on the Rate 
of a Reaction Involving the 
Carbon-Carbon Bond* 


PETER E. YANKWICH** AND MELVIN CALVIN 


Department of Chemistry and Radiation Laboratory, University of 
California, Berkeley, California*** 


November 12, 1948 


NVESTIGATION on the effect of the difference in 
mass between isotopes upon the rate of a chemical 
transformation has been limited entirely to the very lightest 
of the elements, especially hydrogen, although the effect of 
isotopic mass upon the rate of many physical processes 
has been extended throughout the periodic table.! The 
effect of isotopic mass on certain chemical equilibria has 
» been used to separate the isotopes of carbon and nitrogen. 
Recently, the isotope effect on the rate of a chemical re- 
action has been observed by Beeck? who demonstrated in 
the course of a study of the isomerization of propane that 
the dissociation probability of the C®—C” bond was in- 
creased 77 percent, and that of the C’—C® bond decreased 
12 percent from the dissociation probability of the C?—C” 
bond in unlabeled propane. Further experiments® by the 
same authors yield a C?—C#/C%—C® rupture ratio of 
1.08 for thermal cracking at 500°, contrasted with 1.22 for 
electron impact rupture. 
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Decarboxylation reactions can be made to take place 
at moderate temperatures, and for a given reaction the 
isotope effect should increase with decreasing temperature. 
If a symmetrical dicarboxylic acid, labeled in only one 
carboxyl group, is decomposed to form a monocarboxylic 
acid and carbon dioxide, the primary competition for re- 
action is between the different functional groups in the 
same molecule. Assuming the same type of bond strength- 
ening and weakening noted above, the carbon dioxide 
evolved would be impoverished in the label, while the 
mono-acid produced would be similarly enriched in label. 
Since the isotopic constitution of the remaining di-acid is 
unaffected, this result of symmetry can be used to “retire” 
part of the ‘‘chemically active” label and produce a level 
rate of isotope label enhancement with a constant net 
effect at any stage of the decarboxylation process. 

Singly labeled malonic acid was prepared from chlor- 
acetic acid and active cyanide after the procedure of 
Weiner.* The product was recrystallized from diethyl 
ether—60° petroleum ether mixtures; m.p. 135°. A part of 
this acid was treated with bromine in moist ether, and the 
bromomalonic acid formed recrystallized from acetone and 
benzene. (The bromomalonic acid finally ae was 
not of great purity.) 

A few hundred mg of acid was placed in oe bottom of a 
pear-shaped flask, which could be swept throughout with 
nitrogen. The flask was heated in an oil bath ~10° above 
the decomposition temperature of the acid; carbon dioxide 
was swept through dry-ice-acetone traps (which served 
to collect much of the product mono-acid) into sodium 
hydroxide-filled absorption bubblers. After apparent com- 
pletion of the reaction, the mono-acid was transferred to a 
combustion train. Two malonic acid experiments were 
performed, using 6 and 10 moles, respectively; one 2.1 
mole bromomalonic acid decarboxylation was carried out. 

The results of the experiments are shown in Table I. 
The frequency of rupture ratios was obtained by pairing 
each of the specific activity figures with those remaining, 
and the approach to identity of the three quotients thus 
obtained is a measure of the internal consistency of the 
experimentally derived data. The three bases noted are: 
A, carbon dioxide and di-acid; B, mono-acid and di-acid; 
C, carbon dioxide and mono-acid. 

It is to be noted that the above ratios, that is 1.12 for 
malonic acid and 1.4 for the bromomalonic, are consider- 
ably larger than any isotope effects that have been ob- 
served in chemical equilibria. It is, of course, to be expected 
that the effect of the zero-point energy difference on a 
chemical rate process should be larger than its effect on an 


TABLE I. 


12-14 
basis 
basis B basis A A B 


Com- Fi2-12 


pound 


Malonic 0.531+0.016 0.474+0.015 1.13+0.03 
acid 1.11 40.03 
1.12 40.03 


Bromo- 0.61 +0.04 0.44 +0.03 1.30+0.11 
malonic 1.57 +0.15 
acid 1.41 +0.08 
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equilibrium, because the zero-point energy differences are 
also found in the product of an equilibrium as well as in 
the reactants while in a rate process presumably only the 
zero-point energy difference of the reactants is effective. 
However, if one tries to attribute the above-observed ratios 
entirely to differences in activation energy for the splitting 
off of the two different carboxyl groups, one arrives at a 
value of 96 calories for the difference in malonic acid and 
250 for the difference in bromomalonic acid. These dif- 
ferences are rather larger than can be accounted for in 
terms of the effect of mass on the carbon-carbon stretching 
vibration (approximately 1000 wave numbers), and it is 
evident that the situation is more complex than that. 

The assistance of Mr. Wilbur Melbye in the bromo- 
malonic acid experiment is gratefully acknowledged. 


* This paper is based on work performed under Contract No. W-7405- 
Lm ee with t the Atomic Energy Commission in connection with the 
adiation Laboratory, University of California, Berkeley, California.’ 
Present addr 
Urbane Illinois. 
#*** This paper has been presented at the 113th National Meeting of 
the American Chemical Society, Chicago, Illinois, April, 1948 and at 
the meeting of the Pacific Intersectional Group of "American Chemical 
Society Sections of the Pacific Division of the American Association 
for the Advancement of Science, Berkeley, California, June, 1948. 
3. —y Record Chem. Progress 9, 69 (1948). 
20, Beeck, J. W. Otvos, D. P. Stevenson, and C. D. Wagner, J. Chem. 
Phys. 16, 255 (1948). 
*D. P. Stevenson, C. D. Wagner, O. Beeck, and J. W. Otvos, J. 
Chem. Phys. 16, 993 (1948). 
4N. Weiner, Organic Synthesis (John Wiley and Sons, Inc., New 
York, 1943), Coll. Vol. II, p. 376. 
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Errata: “Raman Spectrum of Tetraethyl 
Orthosilicate” and “Raman Spectrum 
of Trimethyl Silicon Chloride” 


[J. Chem. Phys. 16, 1006, 1009 (1948)] 
JuLes DucHESNE, A. MONFILO, AND CLAUDE ANSPACH 
Faculty of Science of the University, Brussels, Belgium 
HE names and addresses of the authors of these papers 
were incorrectly given. They should have appeared 
as “Raman spectrum of tetraethyl orthosilicate’’ by 
Jules Duchesne and A. Monfilo, Faculty of Science of the 
University, Brussels, Belgium, and “Raman spectrum of 
trimethyl silicon chloride’ by Claude Anspach and 
Jules Duchesne, Faculty of Science of the Univesity, 
Brussels, Belgium. 
The following note should have appeared with both 
articles. 


“One of us (Jules Duchesne*) wishes to express his 
sincere thanks to the University of Brussels for its kind 
hospitality during the tenure of his professorship there.” 


* Present address: Department of Chemical Physics of the Univer- 
sity of Liege, Belgium. 
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